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Leaves growing in the forest understory usually present a decreased mesophyll conductance (g,,) and photosynthetic capacity.
The role of leaf anatomy in determining the variability in g,, among species is known, but there is a lack of information on how
the acclimation of g,, to shade conditions is driven by changes in leaf anatomy. Within this context, we demonstrated that Abies
pinsapo Boiss. experienced profound modifications in needle anatomy to drastic changes in light availability that ultimately led to dif-
ferential photosynthetic performance between trees grown in the open field and in the forest understory. In contrast to A. pinsapo,
its congeneric Abies alba Mill. did not show differences either in needle anatomy or in photosynthetic parameters between trees
grown in the open field and in the forest understory. The increased g,, values found in trees of A. pinsapo grown in the open field
can be explained by occurrence of stomata at both needle sides (amphistomatous needles), increased chloroplast surface area
exposed to intercellular airspace, decreased cell wall thickness and, especially, decreased chloroplast thickness. To the best of
our knowledge, the role of such drastic changes in ultrastructural needle anatomy in explaining the response of g,, to the light
environment has not been demonstrated in field conditions.
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Introduction ; . -
Niinemets et al. (2015) stated that the worldwide variation

The variation in light quality and availability is among the most
outstanding features of plant canopies (Niinemets et al. 2015).
The strategies of the trees for coping with the environmental
conditions imposed by the forest canopy have long been associ-
ated with changes in the morphology of leaves and shoots
(Carpenter and Smith 1981, Givnish 1988, Abrams and Kubiske
1990, Niinemets and Sack 2006). For instance, to maximize
light capture, plants increase the allocation of carbon toward leaf
production at the expense of roots and stems (Givnish 1988,
Landhdusser and Lieffers 2001, Pearcy 2007, Niinemets
2010).

across plant functional types in leaf structural and physiological
traits in response to changes in light availability (from high light
environments in the upper canopy to typical light environments
in the understory) tends to be smaller in conifers. Regardless of
this general trend, several studies have found morphological and
functional acclimation to understory environments in several
conifer species (Niinemets et al. 2001, 2002, 2007, Cescatti
and Zorer 2003, Mori et al. 2008). Within this context, it is
interesting that Abies pinsapo Boiss.—a relict conifer that occurs
in some restricted areas of the Mediterranean mountain ranges
in Spain and Morocco—displays a great plasticity in response to
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drastic changes in light availability (Sancho-Knapik et al. 2014).
When grown in the open field, A. pinsapo increases water trans-
port efficiency to the transpiring needles, whereas when grown
in the forest understory, it develops shoots for maximizing light
capture. Despite these canopy adjustments, at the leaf level,
A. pinsapo grown in the understory showed decreased photo-
synthetic capacity when compared with trees grown in the open
field (Sancho-Knapik et al. 2014). Although the decreased pho-
tosynthetic capacity is considered a common phenomenon in
plants growing in the understory (Montpied et al. 2009), there
is currently limited understanding of the extent to which differ-
ent structural and/or anatomical traits control photosynthetic
acclimation (Niinemets et al. 2015).

One of the key traits that determine the maximum photosyn-
thetic rate is the mesophyll conductance (g,,), which under cer-
tain conditions can be the most significant photosynthetic
limitation (Flexas et al. 2012). In fact, leaves growing in the
forest understory usually present lower g, values than sun
leaves (Hanba et al. 2002, Warren et al. 2007, Flexas et al.
2008), but the number of studies investigating g,, acclimation
to growth light is still very limited (Niinemets et al. 2009).
Recently, several studies have quantitatively determined the
importance of several leaf anatomical traits in determining the
variability in g,, and photosynthetic capacity among species.
Among others, g,, can be influenced by the leaf thickness, the
packing of mesophyll cells relative to the distance and position
of stomata, the chloroplast-exposed surface area facing inter-
cellular air spaces, the thickness of the mesophyll cell walls and
the chloroplast size (see Tomas et al. 2013 and references
therein). Regarding conifers, Peguero-Pina et al. (2012), when
comparing A. pinsapo with its congeneric Abies alba Mill., found
that the two species growing in the open field in high light con-
ditions displayed contrasting leaf anatomical characteristics
(mainly cell wall thickness and chloroplast size), with important
consequences for g, and photosynthetic CO, assimilation.
Given that interspecific differences in the responses of the func-
tional anatomy of leaves to changes in light availability can have
major implications for g., and the overall leaf photosynthetic
performance (Terashima et al. 201 1), possible differences in
light-dependent plasticity in foliage structure can further impor-
tantly modify the photosynthetic acclimation between the con-
generic firs.

To the best of our knowledge, there is a lack of information on
how the acclimation of g,, and main photosynthetic parameters
to shade conditions is mostly driven by changes in ultrastructural
mesophyll traits that ultimately determine different carbon gain
performance. Moreover, how far the plasticity of these traits to
changes in growth light is species dependent is a matter that
deserves further research. In this regard, the aim of the present
study is to contribute a better knowledge on this topic. This is
explored by means of the following specific objectives: (i) to
analyze the phenotypic response of A. pinsapo individuals to low
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light regime beneath a forest canopy, in terms of mesophyll
ultrastructural traits and photosynthetic parameters, and (ii) to
compare the magnitude of this response with its congeneric
species A. alba.

Materials and methods

Study sites

The study was carried out in an A. pinsapo forest on a NE facing
slope of the southern ‘Sistema Ibérico’ range (Orcajo, Spain;
41°05’N, 01°30’W; 1150 m above sea level (a.s.l))
(Sancho-Knapik et al. 2014). The forest was planted in 1913,
and since then had developed a vigorous naturally regenerated
fir understory. On the other hand, we selected a stand located
in the western Spanish Pyrenees (Gamueta, 42°52’N, 0°49’W,
1350 m a.s.l.) for A. alba measurements (Peguero-Pina et al.
2007). Precipitation was higher in Gamueta (A. alba), whereas
temperature and atmospheric vapor pressure deficit were
higher in Orcajo (A. pinsapo) (see meteorological data in
Peguero-Pina et al. 2011). Measurements were made in 10
isolated individuals in the open field (denoted as Ol) and in 10
understory individuals (denoted as Ul) for both A. pinsapo
and A. alba.

The mean daily quantum flux density (Q,,, mol m=2 day~') was
calculated for both sites in the open field and in the understory
during the growing season (April-September). To do this, we
used hemispherical photographs obtained with a digital camera
with a fish-eye conversion lens providing a focal length equiva-
lent to 8 mm in a 35 mm format (Esteso-Martinez et al. 2010).
A total of 25 photographs per site were analyzed with the
Gap Light Analyzer software version 2.0 (GLA V2.0, Frazer
et al. 1999). Mean Q,, values were 38.0+ 1.4 and
8.3 £ 0.5 mol m2 day~' for A. pinsapo and 42.0+ 1.2 and
6.2 £ 0.4 mol m=2 day~' for A. alba, for the open field and the
understory, respectively. Furthermore, the leaf area index (LAl
m? m=2) was calculated for the canopies of both stands. Mean
LAl values were 1.52 £0.08 and 2.30 £ 0.09 m? m=2 for the
canopies of A. pinsapo and A. alba, respectively.

Leaf mass to area ratio

Leaf mass to area ratio (LMA, mg cm=2) was measured on 10
current-year shoots of A. alba and A. pinsapo collected from Ol
and Ul trees. Total needle dry mass for each shoot was esti-
mated after drying the plant material in a ventilated oven at
60 °C for 48 h. Total shoot leaf area for each shoot was deter-
mined using Ballotini balls (Thompson and Leyton 1971). Leaf
mass to area ratio was calculated as the ratio between the dry
mass of the needles and the total shoot leaf area.

Anatomical measurements

Anatomical measurements were made in A. alba and A. pin-
sapo needles collected from Ol and Ul trees. Transverse slices
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of 1 X 1 mm were cut from needles and quickly fixed under
vacuum with 2% p-formaldehyde (2%) and glutaric aldehyde
(4%) in 0.1 M phosphate buffer solution (pH=7.2) and
postfixed 1 h in 1% osmium tetroxide. Samples were dehy-
drated in (i) a graded ethanol series and (ii) 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 ultramicro-
tome (Reichert & Jung model Ultracut E). Semi-thin cross sec-
tions were stained with 1% toluidine blue and viewed under
a light microscope (Optika B-600TiFL, Optika Microscopes,
Ponteranica, ltaly). Ultrathin cross sections were contrasted
with uranyl acetate and lead citrate and viewed under a trans-
mission electron microscope (TEM H600, Hitachi, Tokyo,
Japan). Anatomical characteristics were derived from the
micrographs with Imagel software (http://rsb.info.nih.gov/
nih-image/). Light microscopy images were used to deter-
mine the mesophyll thickness between the two epidermal lay-
ers (tne. UM), the fraction of the mesophyll tissue occupied
by the intercellular air spaces (f,;) (Patakas et al. 2003) and
the mesophyll (S,,/S) and chloroplast (S./S) surface area fac-
ing intercellular air spaces per leaf area (Evans et al. 1994,
Syvertsen et al. 1995, Tomas et al. 2013). All parameters
were analyzed in at least four different fields of view and at
three different sections. Electron microscopy images were
used to determine the cell wall thickness (T,), cytoplasm
thickness (T), chloroplast length (L,) and chloroplast thick-
ness (T,,) (Tomas et al. 2013). Three different sections and
four to six different fields of view were used for measure-
ments of each anatomical characteristic.

Mesophyll conductance modeled on the basis
of anatomical characteristics

Leaf anatomical characteristics were used to estimate the g,, as
a composite conductance consisting of within-leaf gas and lig-
uid components, according to the 1D gas diffusion model of
Niinemets and Reichstein (2003) as applied by Tosens et al.
(2012q):

1
In = W/gae) + (R - T)/H - Gia)] (1)

where g,,. is the gas-phase conductance inside the leaf from
substomatal cavities to outer surface of cell walls, g, is the con-
ductance in liquid and lipid phases from outer surface of cell
walls to chloroplasts, R is the gas constant (Pa m3 K=" mol~'), T,
is the absolute temperature (K) and H is the Henry's law con-
stant for CO, (Pam3® mol-'). g,, is defined as a gas-phase con-
ductance, and thus, H/(RT,), the dimensionless form of the
Henry's law constant, is needed to convert g, to corresponding
gas-phase equivalent conductance (Niinemets and Reichstein,
2003).

The intercellular gas-phase conductance (and the reciprocal
term, r,,) was obtained according to Niinemets and Reichstein
(2003) as:

_ i _ DA ) ﬁas
gias - r - ALias . T (2)

las

where AL, (m) is the average diffusion pathway to mesophyll
cells (the gas-phase thickness), T is the diffusion path tortuosity
(1.57 mm™', Syvertsen et al. 1995), D, is the diffusivity of the
CO, in the air (1.51 x 10> m? s at 25 °C) and f,, is the frac-
tion of intercellular air spaces. AL, was taken as the half of the
mesophyll thickness for A. alba and for Ul of A. pinsapo, while
AL, was taken as the average thickness of mesophyll ellipsoid
up to the surface of the central cylinder for Ol of A. pinsapo
(about a quarter of the mesophyll thickness, Peguero-Pina et al.
2012). Total liquid-phase conductance (gy,) from the outer sur-
face of cell walls to the carboxylation sites in the chloroplasts is
the sum of serial conductances in the cell wall, plasmalemma
and inside the cell (Tomas et al. 2013):

S
gliq - (rcw + rp\ + rce\,tot) X S (3)

The conductance of the cell wall was calculated as previously
described in Peguero-Pina et al. (2012) but using a porosity
value fixed at 0.028 for both species. This porosity value cor-
responds to that used by Tomas et al. (2013) for several spe-
cies with cell wall thickness very similar to those found in the
present study but a bit lower than those previously used in
Peguero-Pina et al. (2012) (see Table S1 available as Supple-
mentary Data at Tree Physiology Online). For the conductance of
plasma membrane, we used an estimate of 0.0035 ms™' as
previously suggested (Tosens et al. 2012a). The conductance
inside the cell was calculated following the methodology
described in Toméas et al. (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
etal. 2012).

Needle gas exchange and chlorophyll fluorescence
measurements

Needle gas exchange parameters were measured simultane-
ously with measurements of chlorophyll fluorescence using an
open gas exchange system (CIRAS-2, PP-Systems, Amesbury,
MA, USA) fitted with an automatic conifer cuvette (PLC-C, PP-
Systems) with an FMS Il portable pulse amplitude modulated
fluorometer (Hansatech Instruments Ltd, Norfolk, UK). Six CO,
response curves were obtained from Ol and Ul trees of A. pin-
sapo and from Ul trees of A. alba. In light-adapted mature shoots,
photosynthesis measurements started at a CO, concentration
surrounding the shoot (C,) of 400 umol mol=', and a saturating
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photosynthetic photon flux density (PPFD) of 1500 umol m=2 s~
for Ol shoots and 1000 pmol m=2 s~ for Ul shoots. Needle tem-
perature was maintained at 25 °C during all measurements.
Once steady-state gas exchange rate was reached under these
conditions (usually 30 min after clamping the leaf), net assimila-
tion rate (Ay), stomatal conductance (g.) and the effective quan-
tum yield of PSII were estimated. Thereafter, C, was decreased
stepwise down to 50 umol mol~'. Upon completion of measure-
ments at low C,, C, was increased again to 400 umol mol~' to
restore the original value of Ay. Then, C, was increased stepwise
to 1800 umol mol~'. Leakage of CO, in and out of the cuvette
was determined for the same range of CO, concentrations with
a photosynthetically inactive shoot enclosed (obtained by heat-
ing the shoot until no variable chlorophyll fluorescence was
observed), and used to correct measured leaf fluxes (Flexas
et al. 2007a).

The effective photochemical efficiency of photosystem Il
(Dpg;) Was measured simultaneously with Ay and g.. For @,
the steady-state fluorescence (Fs) and the maximum fluores-
cence during a light-saturating pulse of ~8000 umol m=2 s
(Rv) were estimated, and ®pg, was calculated as (Fy — Fs)/Fu,
following the procedures of Genty et al. (1989). The photosyn-
thetic electron transport rate (Jy,) was then calculated according
to Krall and Edwards (1992), multiplying ®pg, by PPFD and by
o (a term that includes the product of leaf absorptance and the
partitioning of absorbed quanta between photosystems | and II).
o was previously determined for each species as the slope of
the relationship between ®@pg and @, (i.e., the quantum effi-
ciency of CO, fixation) obtained by varying light intensity under
nonphotorespiratory conditions in an atmosphere containing
<1% O, (Valentini et al. 1995). Five light curves from Ol and Ul
trees of A. pinsapo and from Ul trees of A. alba were measured
to determine o..

Estimation of mesophyll conductance by gas exchange
and chlorophyll fluorescence

Mesophyll conductance (g,,) was estimated according to the
method of Harley et al. (1992), as follows:

_ A
Im = C % (U + 8(Ay + ROk — 4(A+R)) D)

where Ay and the substomatal CO, concentration (C) were
taken from gas exchange measurements at saturating light, and
I'™* (the chloroplastic CO, photocompensation point in the
absence of mitochondrial respiration) and R (the respiration
rate in the light) were estimated for each species according to
the Laisk (1977) method, following the methodology described
in Flexas et al. (2007c). The values of g,, obtained were used to
convert Ay—C,; into A—C. curves (where C_ is the chloroplastic
CO, concentration) using the equation C.=C —A\/g,.. The
maximum carboxylation and Jy, capacities (V, and J

C,max max?
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respectively) were calculated from the A—C, curves, using the
Rubisco kinetic constants and their temperature dependence
described by Bernacchi et al. (2002). The Farquhar model was
fitted to the data by applying iterative curve-fitting (minimum
least-square difference) method using the Solver tool of Micro-
soft Excel.

Estimation of g,, by a curve-fitting method

The estimation of g,, according to Ethier and Livingston (2004)
is based on fitting Ay—C; curves with a nonrectangular hyperbola
version of the Farquhar’s biochemical model of leaf photosyn-
thesis (Farquhar et al. 1980). This is based on the hypothesis
that presence of a finite g,, reduces the curvature of the Rubisco-
limited portion of an A—C; response curve. The method has
been successfully used in several studies, showing a good
agreement with other independent estimates of g,, (Niinemets
et al. 2005, Warren and Dreyer 2006, Flexas et al. 2007b,
Kodama et al. 2011). Values of the Rubisco Michaelis—Menten
constant for CO, (K.) and oxygen (K,) and I'*, and their tem-
perature responses, were obtained from the C.-based in vivo
values of Bernacchi et al. (2002). The C, cutoff point was deter-
mined based on the method proposed by Ethier et al. (2006).

Analysis of quantitative limitations of Ay

To separate the relative controls on Ay resulting from limited
stomatal conductance (/,), mesophyll diffusion (/,) and limited
photosynthetic capacity (/,), we used the quantitative limitation
analysis of Grassi and Magnani (2005) as applied in Tomas
et al. (2013). Different fractional limitations, I, I, and I,
(Is+1,+1,=1), were calculated as:

| = gtot/gs aAN/aCc

* = Gun + OAIC, 2
_ 909, - 0A/C, ©

™ Gt T OAVIC,

/b gtot (7)

- Grot + 0A/IC,

where g, is the stomatal conductance to CO,, g, is the meso-
phyll conductance according to Harley et al. (1992, Eq. (4)) and
Giot IS the total conductance to CO, from ambient air to chloro-
plasts (sum of the inverse CO, serial conductances g, and g,,).
0A\/dC. was calculated as the slope of A—C. response curves
over a C_range of 50—100 umol mol='. At least five curves were
used for Ol and Ul trees of A. pinsapo and for Ul trees of A. alba,
and average estimates of the limitations were calculated.

Quantitative analysis of partial limitations of g,,

The determinants of g,, were divided between the component
parts of the diffusion pathway (Egs (1-3)) as in Tomas et al.
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(2013). The proportion of g,, determined by limited gas-phase
conductance (/,,;) was calculated as:

Im
lias = 8
gias ( )
The share of g,, by different components of the cellular phase
conductances (/;) was determined as:

Im
= —F&a 9
= 9(54/9) ©)
where /; is the component limitation in the cell walls, the plasma-
lemma and inside the cells, and g, refers to the component diffu-
sion conductances of the corresponding diffusion pathways.

Determination of leaf total soluble protein and Rubisco
contents

Abies pinsapo needles from Ol and Ul were ground in 500 ul of
ice-cold extraction buffer containing 50 mM Bicine-NaOH
(pH=8.0), 1 mM ethylenediaminetetraacetic acid, 5% polyvinyl
pyrrolidone, 6% polyethylene glycol (PEG,000), 50 mM
B-mercaptoethanol, 10 mM dithiothreitol and 1% protease-inhibitor
cocktail (Sigma-Aldrich Co. LLC., St. Louis, MO, USA). The extracts
were centrifuged at 14,000 x g for 1 min at 4 °C and the total
soluble protein (TSP) concentration in supernatant was determined
by the method of Bradford (1976). The concentration of Rubisco
was determined with the gel electrophoresis method (Suérez et al.
2011, Bermudez et al. 2012) using known concentrations of puri-
fied Rubisco from wheat as a standard for calibration.

Shoot hydraulic conductance

As an additional measurement, the whole shoot hydraulic con-
ductance (Koo mmol m=2 s=! MPa~') was estimated for Ol and
Ul trees of A. pinsapo in order to explore the existence of a
coordinated response between K, .., Ay and g, as previously
reported by Flexas et al. (2013). Shoot hydraulic conductance
was calculated following the methodology described by Brodribb
etal. (2005). Six sun-exposed branches from six trees per spe-
cies were collected at 07:00-08:00 h (solar time), minimizing
the possibility for midday K., depression (Brodribb and
Holbrook 2004). The branches were enclosed in sealed plastic
bags to prevent water loss, and stored in the dark for a period of
at least 1 h until stomatal closure, so that all shoots from the
same branch could reach the same water potential. It is assumed
that this is the water potential of the shoots prior to rehydration
(o). Once this value was obtained, one shoot per branch was
cut under water to prevent air entry and allowed to take up water
for 120-300 s. The water potential after rehydration was sub-
sequently obtained (¥;). The whole shoot hydraulic conduc-
tance was calculated according to the following equation:

CiIn(Wo/Y¥;)

shoot = t

K (10)

where C; (mol MPa~" m~2) is the leaf capacitance for each spe-
cies. C, was calculated as the initial slope of the pressure—
volume relationships, normalized by the leaf area of the shoot
(Brodribb et al. 2005). Pressure—volume relationships for
A. pinsapo grown in the open field and in the understory were
determined in six shoots, following the free-transpiration method
described in previous studies (Vilagrosa et al. 2003).

Statistical analysis

Data are expressed as means =+ standard error (SE). Student’s
t-tests were used to compare the trait values between Ol and Ul
trees of A. alba and A. pinsapo. All statistical analyses were car-
ried out using SAS version 8.0 (SAS, Cary, NC, USA).

Results

The needles of A. pinsapo grown in the open field (Ol) and in
the understory (Ul) showed contrasting anatomical features at
the leaf and cell levels (Figure 1, Table 1). The needles of
A. pinsapo were amphistomatous in Ol and hypostomatous in Ul.
The mesophyll thickness, LMA, S,,/S and S./S were higher in Ol

Figure 1. Transverse section of the mesophyll and mesophyll cells of
A. pinsapo grown in the open field (Ol, left) and in the understory (UL, right).
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Table 1. Needle type, LMA, mesophyll thickness, fraction of the mesophyll tissue occupied by the intercellular air spaces (f,,,), mesophyll surface area
exposed to intercellular airspace (S,,/S), chloroplast surface area exposed to intercellular airspace (S./S), the ratio S./S,,, cell wall thickness (T,),
cytoplasm thickness (T, chloroplast length (L) and chloroplast thickness (Tg,) in A. pinsapo and A. alba grown in the open field (OIl) and in the
understory (Ul). Data are mean = SE (n = 6). Different letters indicate statistically significant differences (P < 0.05) between Ol and Ul within the same

species.

A. pinsapo Ol A. pinsapo Ul A. alba Ol A. alba Ul
Needle type Amphistomatous Hypostomatous Hypostomatous Hypostomatous
LMA (mg cm™2) 251+25a 174+21b 148+ 19a 13.7t23a
Mesophyll thickness (pLm) 809+ 15a 446+9b 428+ 13 a 408+ 14 a
fias 0.13+£0.05a 0.35+0.07b 0.40+£0.06 a 0.45+£0.08 a
Sw/S (Mm?m=2) 40.5+39a 253+3.1b 248+t24a 227+34a
S/S (m?m™2) 31.2+28a 174+21b 178+ 19a 159+t23a
S/Sm 0.78+0.08 a 0.69+0.10 a 0.72+0.06 a 0.70£0.8 a
Ty (Um) 0.236 £0.008 a 0.350x£0.011 b 0.343+£0.018 a 0.319+£0.014 a
Ty (Lm) 0.230+£0.086 a 0.166£0.047 a 0.169+0.053 a 0.185+0.021 a
Ly (um) 475+0.24 a 6.86+0.20b 6.16+0.26 a 557+0.16b
Ty (Um) 1.37+£0.08 a 3.06+0.21b 3.69+042a 3.83+0.32a

of A. pinsapo, whereas f,, was higher in Ul of A. pinsapo
(Table 1). The ratio S./S,, did not differ between Ol and Ul of
A. pinsapo. Moreover, T, Ly, and T, were higher in Ul of
A. pinsapo, whereas no differences were found in T, (Table 1).
In contrast, the anatomical parameters of A. alba did not exhibit
differences (P> 0.05) between Ol and Ul, with the exception of
L.y, Which was higher in Ol (Figure 2, Table 1). In fact, regard-
less of the light environment, the anatomical parameters of
A. alba were very similar to those measured in Ul of A. pinsapo.

Estimation of different components of the CO, transfer resis-
tances relative to total mesophyll resistance showed that g;,, was
much lower in Ol of A. pinsapo (Table 2), reflecting the low value
of f,,s found in these individuals (Table 1). Regarding the liquid
phase, the results demonstrated that Ol of A. pinsapo showed
much higher values of predicted CO, transfer conductance (g;,)
than Ul of A. pinsapo and Ol and Ul of A. alba (Table 2). This can
be attributed to the lower values of T, and T, found in Ol of
A. pinsapo (Table 1). This strong difference found in g;, counter-
balanced the lower g, in Ol of A. pinsapo, and overall resulted
in a much higher estimated value of g, in Ol of A. pinsapo than
those estimated for Ul of A. pinsapo and for Ol and Ul of A. alba
(Table 2). Both gi,s and g4 did not exhibit significant differences
(P> 0.05) between Ol and Ul of A. alba (Table 2).

In A. pinsapo, g,, estimated by gas exchange and chlorophyll
fluorescence was higher in Ol than in Ul irrespective of the
method used (Table 3), confirming the differences in the values
of g, predicted on the basis of needle anatomical traits.
Ay and g, were also higher in Ol (11.5 umol CO, m=2 s
and 0.105 mol H,O m=2 s~', respectively) than in Ul
(5.2 umol CO, m=2s~! and 0.043 mol H,O m=2 s™', respec-
tively), so that intrinsic water use efficiency (Ay/gs) was very
similar for both low and high light grown A. pinsapo trees
(Table 3). Parameterization of the Farquhar et al. (1980) model
of photosynthesis yielded higher values for V.. . and Jg, in Ol
of A. pinsapo (Table 3). The analysis of the quantitative limitations

Figure 2. Transverse section of the mesophyll and mesophyll cells of
A. alba grown in the open field (Ol, left) and in the understory (U, right).

of photosynthesis revealed that Ay in A. pinsapo was mainly
limited by the stomatal conductance (I, = 44 and 50% for Ol and
Ul, respectively), whereas I, accounted for 33 and 31%, and /,
for 23 and 19%, for Ol and Ul, respectively.
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Table 2. CO, transfer conductances across the intercellular air space (gi.;, m s™'), the liquid phase (g;,, m s') and the mesophyll conductance for CO,
(gmy Mol m=2 s71) calculated from anatomical measurements in A. pinsapo and A. alba needles grown in the open field (Ol) and in the understory (Ul).
Data are mean * SE (n = 6). Different letters indicate statistically significant differences (P < 0.05) between Ol and Ul within the same species.

A. pinsapo Ol A. pinsapo Ul A. alba Ol A. alba Ul
Gias (Ms™) 0.0074 £0.0004 a 0.0153£0.0011 b 0.0179+£0.0013 a 0.0212+£0.0016 a
Jiq (Ms™) 0.0053 +0.0005 a 0.0022 +£0.0003 b 0.0021 +£0.0002 a 0.0020 +0.0002 a
G (Mol m=2s7) 0.117+0.016a 0.077 £0.010b 0.074+0.012 a 0.072+0.010a

Table 3. Mean £ SE (n=6) values for the photosynthetic parameters analyzed for A. pinsapo and A. alba grown in the open field (Ol) and in the
understory (Ul). Ay, net photosynthesis; g, stomatal conductance; g,,, mesophyll conductance to CO,; V, .. cc and J;., o, maximum velocity of car-
boxylation and maximum capacity for electron transport calculated from gas exchange on a C. basis; J,, electron transport rate estimated by chlorophyll
fluorescence. Different letters indicate statistically significant differences (P < 0.05) between Ol and Ul within the same species. 'Data obtained from

Peguero-Pina et al. (2012).

A. pinsapo Ol A. pinsapo Ul A. alba Ol A. alba Ul
Ay (umol CO, m=2s7") 11.5£0.7 a 52%0.1b 73%04a 7.7+03a
gs (mol H,0 m=2s7") 0.105+0.011 a 0.043 +0.004 b 0.116£0.010a 0.098 +0.012 a
An/gs (Lmol mol=1) 1155+10.8 a 122.0+11.5a 634137 a 776%x52b

g Harley (mol CO, m=2s77)
g, Ethier (mol CO, m=2 s7")

0.137+£0.016 a
0.151£0.010a

0.071£0.028 b
0.078 £0.019b

0.068 £0.004 a
0.081£0.011 a

0.073 £0.006 a
0.065+£0.009 a

Ve max_ce Harley (umol m=2 s71) 158+ 12 a
V. max_ce Ethier (umol m=2 s71) 171+11 a
Jmax_ce Harley (umol m=2 s7') 221+17 a
Jmax_ce Ethier (umol m=2 s71) 203+11a
Jgu (umol m=2s71) 17112 a
Jmax_Cc : Vc,max_Cc Harley 1.391£0.09a
Jmax e+ Vo Ethier 1.18+0.10 a

c,max_Cc

134+7b 117+t6a 105+9a
123+ 13b 113+ 14a 117+£10a
201+t9a 138+ 10a 130t12a
188+t 10a 158+t 14 a 139+t 11a
138+6b 134t 16a 102+8b
1.49+0.05a 1.18+0.04 a 1.24+0.07 a
1.52+0.08b 1.38+0.07 a 1.20£0.09 a

In A. pinsapo, the concentration of TSP per needle area in Ul
needles was 53% lower than that in Ol. The decrease in the
Rubisco concentration per needle area in Ul with respect to Ol
was of similar magnitude (57%), so that the ratio Rubisco/TSP
was kept constant between the treatments (0.20 and 0.23 in Ol
and U, respectively).

The values of K. for A. pinsapo showed trends consistent
with those described above for photosynthetic parameters: the
value for Ol (6.21 £ 0.24 mmol m=2 s=' MPa~") was higher than
that for Ul (1.81 £0.15 mmol m=2 s~! MPa~') (P < 0.05).

In contrast to A. pinsapo, photosynthetic traits of A. alba nee-
dles did not differ between Ul and O, irrespective of the method
used (Table 3). This is in agreement with the lack of significant
differences in the estimated values of g,, based on needle ana-
tomical traits (Table 2). In A. alba, Ay was mainly limited by the
mesophyll (I, =51 and 44% for Ol and Ul, respectively),
whereas [ accounted for 30 and 32% and /, accounted for 19
and 24%, for Ol and Ul, respectively (data not shown).

Discussion

Photosynthetic acclimation to growth light in A. pinsapo
as driven by anatomy

In this study, we have shown that an increase in Q,,; of about five
times in the open field of the studied population of A. pinsapo
causes a sharp increase in the photosynthetic capacity of Ol

when compared with Ul of this species (Table 3). While photo-
synthetic traits like V., and J,,, were significantly different in
Ol and Ul plants, these differences were small compared with
those in g,,,, for which the latter was largely responsible for phe-
notypic plasticity of Ay. Strong differences in g, found between
Ol and Ul of A. pinsapo can be attributed to the great phenotypic
response found in needle anatomical traits, i.e., needle type
(amphistomatous vs hypostomatous), S./S, the cell wall thick-
ness and especially the chloroplast thickness (Table 1, Figure 1).
The drastic phenotypic response of A. pinsapo to changes in
growth light has been reported previously by Sancho-Knapik
et al. (2014) in terms of plant capacity to supply water to the
needles, i.e., the plasticity in shoot hydraulic conductance
parameters in response to the limitations imposed by growing in
a Mediterranean forest understory (low light and high vapor
pressure deficit). However, the changes reported in this new
study in terms of mesophyll anatomical traits and their implica-
tions in g,, constitute a new insight into the functional acclima-
tion to variations in environmental conditions in conifers.
Previous studies have evidenced the role of these traits in deter-
mining the specific variability in g,, across species (Tosens et al.
2012b, Tomas et al. 2013) or among plant functional types
(Carriqui et al. 2015). In this regard, Peguero-Pina et al. (2012)
found that differences in g,,, and photosynthesis between A. pinsapo
and A. alba were related to changes in needle anatomical traits.
Nevertheless, this early study was focused on the interspecific
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differences between both species without taking into consideration
the role of drastic environmental changes such as growth light.
Within species, effects of growth light have been investigated in
laboratory conditions (e.g., Tosens et al. 2012a), but to the best of
our knowledge, the role of such drastic changes in ultrastructural
needle traits in explaining the response of g,, to the light environ-
ment has not been demonstrated in field conditions. Although the
relationship between the variations in g,, and some anatomical traits
observed in our study may not be enough to establish causality, the
fact that the anatomy-based estimates of g,, closely resemble the
estimates made by in vivo measurements strongly suggests that
there must be at least a partial causality between changes in anat-
omy and changes in g,

Few studies have specifically dealt with the role of the chloro-
plast size in the performance of the photosynthetic apparatus. Li
et al. (2012) showed that, under water stress conditions, the
downsizing of chloroplasts in Oryza sativa L. restrained the g,
and photosynthetic rate. These authors attributed this phenom-
enon to the decrease in the surface area of chloroplasts exposed
to intercellular air spaces (S./S). However, this does not seem to
be the case of A. pinsapo, with Ol having smaller chloroplasts
(lower T4, and Lg,) but higher S_/S in Ol than in Ul (Table 1).

When compared with Ol, the needles of A. pinsapo grown in
the forest understory showed a higher fraction of the mesophyll
occupied by intercellular air spaces (f,,) (Table 1), which is a
common response of plants grown under low light conditions
(Terashima et al. 2011). Higher f,,; correlated with a decreased
CO, transfer resistance across the air phase (Table 3), as already
reported by other authors (Galmés et al. 2013). In spite of this,
the ~2.5-fold increases in the CO, transfer resistance across the
liquid phase—mainly imposed by the cell wall and the chloroplast
stroma (Table S2 available as Supplementary Data at Tree Physi-
ology Online)—constrained the overall needle CO, transfer
capacity of Ul, resulting in a decreased g,, when compared with
Ol of A. pinsapo (Table 2). It is possible, however, that the effect
of stroma thickness on the overall resistance is somewhat over-
estimated due to the facilitation effect of carbonic anhydrase and
even by Rubisco itself as it can enhance the stromal CO, diffusion
gradients (Terashima et al. 2011, Tholen and Zhu 2011). How-
ever, for noncompartmentalized systems such as chloroplast
stroma, quantitative evidence of the involvement of carbonic
anhydrase in altering g,, and Ay remains elusive, for which it is
difficult to evaluate its quantitative contribution to diffusion gradi-
ents (reviewed by Flexas et al. 2008, 2012). In addition, Weise
et al. (2015) have shown recently in arc mutants with fewer but
larger chloroplasts that g,, is indeed reduced by 25-50% by
increased stromal pathway. Therefore, following Tosens et al.
(2012a), we did not include the potential effect of carbonic
anhydrase in our analysis, although we acknowledge that this
may result in some overestimation of the stromal size effect.

Our results show a coordinated response between leaf g, and
shoot hydraulic conductance (Ky,.o). We suggest that such a
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correlation reflects the coordination of stomatal conductance
(gs) with Kipoer (Brodribb and Feild 2000, Brodribb et al. 2007)
and coordination between g, and g,,, which is partly due to the
fact that water and CO, share a significant portion of their
respective pathways in the mesophyll (Flexas et al. 201 3). Ulti-
mately, these correlations are expected to result in a general
coordination among photosynthetic capacity and K., (Brodribb
and Feild 2000, Brodribb et al. 2007). Thus, we argue that this
coordination may help determining the maximum rates of pho-
tosynthesis of A. pinsapo growing under shifting environmental
conditions, as it may be at least partially responsible for the
observed coordination between g, and g,,, which in turn results
in maximizing the total leaf conductance to CO,. In this regard,
the differences found in g,, between Ol and Ul of A. pinsapo did
not have additional consequences in limiting net photosynthesis,
mainly because changes in g, were of higher magnitude and
constituted the main limiting factor for Ay in this species.

How does the needle light acclimation differ between
the two congeneric Abies species?

In contrast to A. pinsapo, A. alba did not show significant differ-
ences either in needle anatomical traits (Table 2, Figure 2) or in
photosynthetic parameters (Table 3) between Ol and Ul trees,
even with an increase in Q. (about seven times) slightly higher
than that measured for the studied population of A. pinsapo
(about five times). A narrow photosynthetic plasticity of A. alba
to high PPFD was previously described by Grassi and Bagnaresi
(2001). In this sense, the limited response of A. alba in needle
structural and physiological traits to changes in light availability
points in the same direction as the general trend found by
Niinemets et al. (2015) in conifers when compared with other
plant functional types. On the other hand, Cescatti and Zorer
(2003) observed a larger within-canopy plasticity in A. alba and
Robakowski et al. (2003) found a plastic response to different
levels of irradiance in seedlings of A. alba. Therefore, there is a
lack of consensus about the plasticity of A. alba to changing
irradiance, which is a matter that deserves further investigation.
It is also plausible that the low photosynthetic plasticity of
A. alba observed here and in the study of Grassi and Bagnaresi
(2001), both conducted at the southern drier limits of A. alba
dispersal, might reflect population-level differentiation of the
fragmented populations at the range margins. Stronger intraspe-
cific competition in denser stands within more favorable parts of
species’ bioclimatic distribution is likely to favor greater plasticity
as observed in several studies conducted on A. alba in its center
of dispersal (Aussenac 1973, Cescatti and Zorer 2003,
Robakowski et al. 2003).

Conclusions

This study confirms the high plasticity showed by A. pinsapo to
changes in light availability, in accordance with a previous paper

Tree Physiology Online at http://www.treephys.oxfordjournals.org


http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpv114/-/DC1
http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpv114/-/DC1

308 Peguero-Pina et al.

dealing with the light acclimation of this species in terms of
water transport to the atmosphere (Sancho-Knapik et al. 2014).
In this new study, we explore the changes in some anatomical
traits in the needle mesophyll, revealing that the plasticity of this
Mediterranean fir operates at different levels in a coordinated
way. We conclude that A. pinsapo experienced profound modifi-
cations in needle anatomy to drastic changes in @, that ulti-
mately led to differential photosynthetic performance between
Ol and Ul trees. However, A. alba did not show differences either
in needle anatomy or in photosynthetic parameters between Ol
and Ul trees. The increased g, values found in Ol trees of
A. pinsapo can be explained by occurrence of amphistomatous
needles, increased S./S, decreased T, and, especially,
decreased T,,. To the best of our knowledge, the role of such
drastic changes in ultrastructural needle anatomy in explaining
the response of g, to the light environment has not been dem-
onstrated in field conditions.

Supplementary data

Supplementary data for this article are available at Tree Physiology
Online.
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