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The study of ancient species provides valuable information concerning the evolution of specific adaptations to past
and current environmental conditions. Araucaria araucana (Molina) K. Koch belongs to one of the oldest families of
conifers in the world, but despite this, there are few studies focused on its physiology and responses to changes in
environmental conditions. We used an integrated approach aimed at comprehensively characterizing the ecophysiology
of this poorly known species, focusing in its stomatal, mesophyll and biochemical traits, hypothesizing that these traits
govern the carbon assimilation of A. araucana under past and present levels of atmospheric CO,. Results indicated that
A. araucana presents the typical traits of an ancient species, such as large stomata and low stomatal density, which
trigger low stomatal conductance and slow stomatal responsiveness to changing environmental conditions. Interestingly,
the quantitative analysis showed that photosynthetic rates were equally limited by both diffusive and biochemical
components. The Rubisco catalytic properties proved to have a low Rubisco affinity for CO> and O3, similar to other
ancient species. This affinity for CO;, together with the low carboxylation turnover rate, are responsible for the low
Rubisco catalytic efficiency of carboxylation. These traits could be the result of the diverse environmental selective
pressures that A. araucana was exposed during its diversification. The increase in measured temperatures induced an
increase in stomatal and biochemical limitations, which together with a lower Rubisco affinity for CO could explain the
low photosynthetic capacity of A. araucana in warmer conditions.

Keywords: ancient species, leaf structural traits, mesophyll conductance, photosynthetic rates, Rubisco kinetics, stomatal
traits.

Introduction

The earliest vascular plants diversified during the Silurian and
Devonian periods of the Paleozoic (418-407 million years ago)
(Gensel 2008). Ferns appeared ~430 million years ago in the
Silurian; gymnosperms began to develop ~290 million years
ago in the Permian period and angiosperms originated 200 mil-
lion years ago (Haworth etal. 201 1a, Testo and Sundue 2016),

when each plant group was ruled by different atmospheric
conditions. The species that originated under high (ferns and
gymnosperms) and low (angiosperms) atmospheric carbon
concentrations deploy different anatomical and physiological
mechanisms related to CO, diffusion and fixation (Franks and
Beerling 2009, Flexas and Carriqui 2020). In this sense, ferns
and gymnosperms present a lower photosynthetic capacity
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compared with angiosperms (Gago et al. 2019, Carriqui et al.
2020). In an environment with low CO,, plants compensate by
increasing stomatal density (D) and decreasing stomatal size
(S), which results in greater stomatal conductance (gs), and
therefore higher photosynthetic rates (Ay) (Franks and Beerling
2009).

It is important to highlight that not only stomatal limitations
are directly responsible for the low Ay found in gymnosperms.
Carriqui et al. (2020) and Veromann-Jirgenson et al. (2017)
reported remarkably lower values of mesophyll conductance to
CO2 (gm) in gymnosperms than in angiosperms. Low gp, can
be attributed to leaf structural traits, particularly to the cell wall
thickness (T.w) and the chloroplast surface area exposed to
intercellular airspace (S¢/S) (Tomas et al. 2013), that together
have been correlated with lower structural investments in leaf
density (LD) and leaf mass area (LMA) (Gago et al. 2019).
Species with high LMA tend to have a higher investment in
non-photosynthetic tissue and an invariable, low or even higher
nitrogen (N) content per dry mass (Kuusk et al. 2018), where
the higher fraction of N can be allocated to cell walls, to the
detriment of photosynthetic proteins (Onoda et al. 2017). This
is evidenced by a lower Ay mass-based (Wright et al. 2004a);
this structural investment is an ecological strategy associated
with high foliage longevity and the increased tolerance of adult
conifers to environmental stress (Kuusk et al. 2018).

In addition to the structural traits determining CO, diffusion
and, therefore, Ay, some biochemical traits related to Rubisco
have also been proven to act as limiting factors for photosyn-
thesis. Galmés et al. (2014) reported evolutionary trends of
Rubisco kinetic parameters based on atmospheric CO, con-
centrations. Evolutionarily older species that developed under
high atmospheric CO, concentrations have a lower Rubisco
affinity for CO, (high K¢) and a lower specificity factor (S¢/o),
resulting in a decreased carboxylation turnover rate (Kcat©). This
evidence suggests that factors governing CO; diffusion from the
atmosphere to the sites of carboxylation, leaf anatomical and
structural leaf traits, and the kinetic Rubisco properties play a
decisive role in the evolution of plant species toward higher Ay.

Araucariaceae has an extremely broad fossil record, indicative
of an extensive distribution in both the Northern and Southern
Hemispheres in the Mesozoic. At present, however, Araucari-
aceae is geographically restricted to the Southern Hemisphere,
with few living species (Stockey 1982, Setoguchi et al. 1998).
It has been suggested that Araucariaceae appeared in the Late
Triassic and presented its apogee in the Early Jurassic, followed
by a continued decline since the end of the Late Cretaceous
(Miller 1977, Panti et al. 2012). However, Liu et al. (2009)
showed that the divergence time of the Araucariaceae was
estimated to be 308 million years ago; that is, the family
originated in the Late Carboniferous rather than the Triassic
(Figure S1 available as Supplementary data at Tree Physiology
Online). This conifer family is composed of three genera,

including Wollemia, Agathis and Araucaria. The latter is the
most diversified genus, with the most extensive fossil record
(Hill and Brodribb 1999). Based on morphological differences
and molecular phylogenetic analyses, the Araucaria genus has
been divided into four sections: Bunya (1 spp.), Intermedia (1
spp.), Eutacta (15 spp.) and Araucaria (2 spp.) (Setoguchi
et al. 1998, Escapa and Catalano 2013). The two species
in the Araucaria section are: Araucaria angustifolia (Bert.) O.
Kuntze and Araucaria araucana (Molina) K. Koch, both endemic
to South America (Dettmann and Clifford 2005), which differ
from the other sections (Bunya, Intermedia and Eutacta) in
the number of subsidiary cells (4-5), chromosome number
(13), stomata orientation on mature leaves (parallel to leaf
axis), stomata disposition on mature leaves (anfiestomatic),
habit (dioecious), germination type (cryptogeal), pollen cone
disposition (axillary), ovuliferous cone morphology (ellipsoidal)
and leaf type (thin and broad), among other traits (Escapa and
Catalano 2013).

Araucaria araucana is the oldest Araucariaceae in South
America (Liu etal. 2009) (Figure S1 available as Supplementary
data at Tree Physiology Online). During its diversification in the
Early Cretaceous, the atmospheric CO, levels were between
600 and 1300 p.p.m., with 25% of atmospheric O, (Hong
and Lee 2012, Mills et al. 2016, Jing and Bainian 2018).
The A. araucana is distributed in Chile and Argentina. In Chile,
it is located in the Cordillera de los Andes (37° 30'—° 30’
S) and the Cordillera de la Costa (37° 20'-38° 40’ S). lts
habitat is characterized by cold climates at higher altitudes
(Cordillera de los Andes) and warm temperate climates in low
and medium altitude forests (Cordillera de la Costa) (Donoso
1993). In the Andean, the average annual temperatures vary
between 3.8 and 17 °C, while in the coastal sector, specifically
in the Cordillera de Nahuelbuta, the average temperatures
range between 7.9 and 18 °C (Puchi et al. 2021). The A
araucana thus acquired the foliar characteristics that allowed
it to adapt to the aforementioned environmental conditions. This
species presents evergreen leaves arranged in a spiral without
petioles; they are lanceolate in shape with a terminal mucron.
At the structural level, A. araucana is characterized by notably
xerophytic traits, such as leathery leaves, a high wax content,
a highly lignified hypodermis, collenchyma and high LMA (Lusk
2001, Brodribb et al. 2005, Ojeda et al. 2017). Their stomata
are tetracytic, arranged on both sides of the leaf surface, located
in parallel rows, and separated by two to four other rows
of epidermal cells along the leaf (Barrera and Meza 1991).
Despite the valuable information that ancient species provide,
including all of the adaptations and adjustments that this species
has had to evoke to maintain its existence on Earth for millions
of years, studies regarding the leaf anatomy and structure of A.
araucana are conspicuously limited (Barrera and Meza 1991,
Lusk 2001, Brodribb et al. 2005, Ojeda et al. 2017), and those
regarding its physiology are almost null. Based on this, we have
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carried out an anatomical and physiological characterization
of this poorly known species, delving into the diffusive and
biochemical traits that determine its carbon assimilation. We
hypothesized that evolutionary ancient leaf morphophysiologic
and Rubisco catalytic traits of A. araucana restrict its carbon
assimilation under the present levels of atmospheric CO,. The A.
araucana was expected to exhibit primitive morphoanatomical
and kinetic Rubisco traits, ranking among the most extreme
values within gymnosperms. The low stomatal conductance of
A. araucana, associated with large and lower density stomata,
and a slow response capacity of the stomata, should indicate
a greater susceptibility to environmental variations. The low
Rubisco affinity for CO, found in this species could drastically
alter its photosynthetic capacity, increasing the risk of its survival
in the face of climate change.

Materials and methods

Plant material and experimental conditions

Araucaria araucana seeds were collected from the Malalcahuello
sector, Araucania Region and grown in the Los Quillayes nursery,
in Quillén county, Chile. Twelve plants were studied when they
were 13 years old and had, on average, 71.8 & 2.7 height,
2.7 £ 0.1 cm collar diameter and 4 £ 0.3 whorls. Plants were
grown in 39 cm tall plastic pots, with ~60% of the original
volcanic soil substrate and 40% potting soil, which included
organic matter, bark residue and treated chips (ANASAC). Plants
were fertilized 1 month before starting the measurements with
NPKCaMg at 1:2:2:2:1 w/w and irrigated with ~9 £ 0.1 |
twice a week throughout the study. The study was carried out
in a nursery of the University of Concepcién, where the air
temperature was recorded every 30 min with a HOBO® U-30
microclimatic station in autumn, between January and June 2019
(Onset Computer Co., Bourne, MA, USA) (Table S1 available as
Supplementary data at Tree Physiology Online).

Stomatal traits and the theoretical maximum stomatal
conductance

The anatomical characteristics of the stomata were determined
in the middle leaf section on both the adaxial and abaxial faces.
The leaves were collected from branches located in the middle
portion of the trees and immediately fixed in FAA (formalin-
glacial acetic acid—70% alcohol). Afterward, plant material was
boiled in 96% ethanol for 10 min and subsequently boiled again
in an aqueous solution (1:1) of 96% ethanol and 5% sodium
hydroxide for 10 min. The material was washed twice with dis-
tilled water, and then a 50% sodium hypochlorite solution was
applied and allowed to stand for 1—4 h until the leaves became
transparent. Once the material was rinsed, it was washed five
times with distilled water and kept in a 5% chloral hydrate
solution for 10 min. Subsequently, the adaxial and abaxial
epidermides were separated using a cutting blade. For staining,
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a 20% solution of safranin in 96% ethanol was applied for
5 min, and 50% glycerin was applied to mount the samples (De
Strittmatter 1973). Samples were photographed with an optical
microscope (CX31, Olympus, Japan) and micrographs were
measured using the Imagel software (Wayne Rasband/NIH,
Bethesda, MD, USA). The stomatal size (S, um?) was calculated
as the length of the guard cell (GL, um) and multiplied by
the width (SW, um) of the guard cell pair. The length itself
was estimated by calculating the average of 25 pairs of guard
cells chosen randomly from five leaves (five measurements per
leaf) (Hasper et al. 2017). Stomatal density was determined
by counting the number of stomata per unit of epidermal area
(Franks and Beerling 2009, Hasper et al. 2017). The stomatal
area index (SAl) was obtained by taking the product from D
and S, according to Galmés et al. (2013). To determine the
theoretical maximum stomatal conductance (gwmax, mol H>O
m~? s7'), the Franks and Farquhar (2001) and Dow et al.
(2014) methods were used. Thus, gwmax Was calculated as:
Gwmax = d/v D amax/(PD + 71/2~«/ocmax/n), where d is the
water vapor diffusivity in the air (2.41 x 10> m* s7') and
v is the molar volume of air (23.23 x 107> m* mol™") at 10
°C (Montgomery 1947). The D is the D per mm™, & is the
mathematical constant (3.142), amax is the maximum area of
the open stomatal pore (um?), calculated as 8 (7 -PL*/4), where
B is a geometric constant that indicates the circular fraction of
a pore with a diameter equal to the length of the pore (PL,
um). In the case of gymnosperms, the stomata can only open to
~50% of the full circle; thus, in this analysis 8 = 0.5 according
to Franks et al. (2014). The depth of the stomatal pore (PD,
um) was calculated for fully open stomata as SW/2 assuming
that guard cells expand to a circular cross section (Franks and
Beerling 2009).

Gas exchange measurements

The leaf gas exchange was determined simultaneously with
the chlorophyll a fluorescence measurement using an open gas
exchange system Li-6400 (LI-COR Inc., Lincoln, NE, USA) with
an integrated fluorescence chamber (Li-6400-40; LI-COR Inc.).
Leaves were randomly selected from the middle section of each
tree. When leaves did not completely cover the infrared gas
analyzer chamber, a correction was made for the actual area of
the leaf, using Imagel software (Wayne Rasband/NIH, Bethesda,
MD, USA, EE. UU.). To achieve this correction, the leaf was
kept in the leaf chamber, and then carefully opened without
moving the leaf. Area foam pads of 2 cm?® were glued to the
leaf, preserving the original measurement position; it was then
photographed to obtain the actual area of measurement.

The response of the net photosynthesis CO, uptake (An)
to varying light intensities was assessed with light response
curves, which were measured between 11 am. and 3 p.m.
approximately. Light was gradually decreased from 2000 pmol
photons m—

—2 =

s~' to O umol photons m~* s~", with measurements
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taken at 10 different light intensities, after a steady state of
30-35 min (until Ay and stomatal conductance, gs, stabilized
to the new environmental condition inside the leaf cuvette) at
each light intensity. The chamber was programmed at a leaf
temperature of 20 °C, a CO, concentration (C;) of 400 pmol
CO, mol™" air, air humidity of 40-60%, 250 umol s™' of
flow and was maintained at a leaf VPD of 1.32 4+ 0.02 kPa
during the measurements. The curves were analyzed by fit-
ting a non-rectangular hyperbola, according to the equation:
AN = ((# + Amax) — ((¢/ + Amax)® — 40PIAmax))*°/20) — Rdark,
where Amax is the light saturated rate of CO, assimilation at
infinitely high irradiance, ¢ is the (apparent) quantum yield, / is
the absorbed irradiance, 6 is the curvature factor and Ryark is the
dark respiration (Lambers et al. 2008). The light compensation
point was obtained as lcomp: (Rdark (@Rdark — Amax))/ (¢ (Rdark —
Amax)), according to Lobo et al. (2013).

To assess Ay-leaf temperature response curves, leaf cuvette
conditions were set to 400 umol CO2 mol~" air, light-saturation
of 2000 umol photons m™2 s~', 40-60% humidity and
250 pmol s of flow. The leaf temperature inside the cuvette
was initially set to 10 °C, and after a stabilization period of
30-40 min, Ay was recorded. Then, the leaf temperature
was increased in regular intervals of 5 °C, preserving the
stabilization times between temperatures, until reaching a
maximum of 30 °C. Ay was recorded at the five different leaf
temperatures.

To obtain the temperature at which Ay reached its maximum
value (optimal temperature, Topt), €ach set of measurements
was fitted to a second-order polynomial function, following the
equation: Ay = aTjeaf’ + bTlear + € (Kroner and Way 2016).

The response of Ay to varying substomatal CO, concentra-
tions (C;) was studied with Ay—C; curves for two temperatures.
The curves were initiated by allowing the leaf to reach a steady
state of net photosynthesis (Ay) and gs (for this species,
typically 30-35 min after clamping the leaf). Measurements in
the leaf chamber were performed at C, of 400 pumol CO, mol™
air, light-saturation of 2000 pmol photons m=2 s~ a flow rate
of 250 umol s, air relative humidity of 40-50% and leaf VPD
of 1.31 & 0.02 and 1.88 &+ 0.03 kPa for leaf temperatures of
20 °C (optimum leaf temperature for photosynthesis) and 25
°C (standard measurement temperature), respectively.

Thereafter, C; was lowered to O umol CO,, following
increases up to a maximum of 2000 pmol CO, mol~'. In total,
An—C; curves allowed for 11 measurements at different C,. At
each C,, measurements were taken after maintaining the leaf
for at least 30 min at the corresponding CO, concentration.
Dark mitochondrial leaf respiration (Rgark) Was observed at pre-
dawn at a C; of 400 umol CO, mol™" air, 40-50% humidity,
250 umol s=' of flow and at the two temperatures (20 and 25
°C). Corrections for the leakage of CO; in and out of the leaf
chamber of the Li-6400 were applied to all gas-exchange data,
as described by Flexas et al. (2007).

The quantum efficiency of the photosystem Il (PSIl)-
driven electron transport was determined using the equation:
¢PSIl = (F, — Fs)/Fm, where Fs is the steady fluorescence
state in the light (PPFD 1000 pmol quanta m=* s™') and F
is the maximum fluorescence obtained with a light saturating
pulse (8000 pmol quanta m™ s7'). As ¢PSIl represents
the number of electrons transferred per photon absorbed by
PSlI, the electron transport rate (ETR) can be calculated as:
ETR = ¢ps)-PPFD o« B, where PPFD is the photosynthetic
photon flux density, « is the leaf absorptance and B is the
distribution of absorbed energy between the two photosystems,
assumed to be 0.5. The leaf absorptance was measured using
the chlorophyll fluorescence system Imaging Mini-PAM (Walz,
Effeltrich, Germany), reaching values of 0.787 £ 0.03.

The relationship ETR/Ag was calculated as the ratio between
the ETR and the gross photosynthesis that indicates the amount
of reduced power per unit of fixed CO,. Ag was calculated as
the sum of Ay and half of Ryark.

Stomatal response to different environmental conditions

Measurements of the instantaneous gas exchange and chloro-
phyll a fluorescence (Li-6400XT, Li-6400-40 leaf chamber, LI
COR Inc., Lincoln, NE, USA) were used to study the stomatal
responses (gs) to light, CO, concentrations and leaf vapor
pressure deficits (VPDs). Standard environmental conditions
inside the leaf cuvette consisted of: a leaf temperature of 20 °C,
a light intensity of 2000 pmol photons m=2 s, an air humidity
of 40-60% and a flow of 250 umol s™' and 400 p.p.m. CO>.
Prior to the measurements, a minimum period of 30 min was
established to ensure stable conditions for gs.

To analyze the gs response to light, two light intensities were
set: O umol photons m™? s=' and 1500 umol photons m=2 s,
and measurements were recorded every 3 min for 2 h. For the gs
response to CO, concentrations, plants were measured for 2 h
at C4 of 200 p.p.m. CO, 400 p.p.m. CO, and 2000 p.p.m. CO»,
and data were recorded every 3 min. Finally, the gs response to
VPD was measured at two intervals of 1 and 2 kPa. The VPD
values were obtained while controlling the relative humidity of
the leaf chamber (Li-6400-40; LI-COR Inc.). The initial VPD was
established at 1 kPa. After gs reached stabilization (between 30
and 60 min) the data were logged every 3 min for 1 h. Then, the
relative humidity was decreased until reaching a VPD of 2 kPa,
which required a similar stabilization time as that of gs (30—
60 min) to subsequently begin with the data recording every
3 min.

—1

—2

Estimation of mesophyll conductance, chloroplast CO,
concentration and analysis of quantitative limitations for
photosynthesis

In vivo g, was obtained from combined measurements of

gas exchange and chlorophyll a fluorescence. Thus, gn
was calculated as in Harley et al. (1992), according to:
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gm = AN/ (G — (I (ETR + 8(An + R.))/(ETR — 4(An + R1)),
where Ay and C; were obtained from gas exchange
measurements at light saturation. The evolution rate of non-
photorespiratory CO, in light (R;) was determined as half
of Rgark- The chloroplast CO, compensation point (I'*) was
calculated according to Brooks and Farquhar (1985) from the
Rubisco specificity factor (S¢/o) measured in vitro. To calculate
the chloroplast CO, concentration (Cc), the determination of g,
was used to calculate Cc, converting Ay—C; curves into Ay—Cc
curves, as Cc = G — (An/gm) (Manter and Kerrigan 2004). The
maximum carboxylation rate (Vcmax) was derived from Ay—Ce
curves, according to Farquhar et al. (1980) and using the kinetic
constants for Rubisco determined for A. araucana at 25 °C (see
below). The Rubisco kinetic values at 20 °C were calculated
from the values measured at 25 °C by applying the thermal
dependencies reported for tobacco by Bernacchi et al. (2001).
The quantitative limitations related to stomatal conductance
(Is), mesophyll conductance (/,) and leaf biochemical (/) were
calculated using A, gs, 9m and Vmax values according to Grassi
and Magnani (2005).

Anatomical determination of gpn,

The Tomas et al. (2013) approach was used for anatomical
modeling of gm. The central portions of leaves located in the
middle section of the trees were fixed in formaldehyde, acetic
acid and ethanol (FAA), and 3.7% glutaraldehyde, for optical
and transmission electron microscopy (EM1200 EXII; Japan Jeol
Ltd, Tokyo, Japan), respectively. Six and nine micrographs were
randomly selected to measure the mesophyll thickness, the
mesophyll area exposed to intercellular air space (Sp,) to the
total leaf surface (S) area ratio (5,/S), the chloroplast exposed
surface area to the total surface area ratio (S¢/S), the chloroplast
length (Lcnhi), the chloroplast thickness (Tcn) and the cell wall
thickness (Tcw). All of the images were analyzed with Image)
software (Wayne Rasband/NIH, Bethesda, MD, USA). The 1D
gas diffusion model of Niinemets and Reichstein (2003) applied
by Tomas et al. (2013) was employed to estimate the different
leaf anatomical characteristics determining g,. The determi-
nants of gp, were divided between gas-phase conductance and
the different components of the cellular phase conductances,
including the cell wall (lcw), the plasmalemma (/o) and inside
the cells through the cytosolic path (/cel,tot)-

Foliar structural measurements

To obtain the leaf dry mass per unit of leaf area (LMA),
leaf samples were taken, photographed and analyzed with the
Imagel program to calculate the leaf area. Thereafter, the same
leaves were dried in an oven at 65 °C for 72 h to obtain the dry
weight. To determine LD, LMA was divided by the mesophyll
width of the cross sections of the same leaf (Niinemets 1999,
Niinemets et al. 1999).

The leaf relative water content (% RWC) was calculated as:
(fresh weight — dry weight)/(turgid weight — dry weight)*100
for three fresh leaves collected from each tree. The turgid weight

Traits of Araucaria araucana (Molina) K. Koch 1961
was determined from the weight of leaves immersed in distilled
water at 4 °C for 48 h in the dark, and the dry weight was
obtained after drying the leaves in an oven at 65 °C for 72 h.

Composition of the §'°C isotope and foliar nitrogen content

For the §'°C isotope analysis, leaf samples collected randomly
from the middle section of the trees were burned in an elemental
analyzer (Thermo Flash EA Serie 1112, Bremen, Germany), and
CO; and N were injected directly into a continuous flow Isotope
Ratio Mass Spectrometer (Thermo-Finnigan Delta XP, Bremen,
Germany). The total nitrogen concentration of each leaf was
calculated from the area obtained from the mass spectrometer.
The results for §'*C are presented as § versus standard Pee Dee
Belemnite (PDB), and the nitrogen content in the leaf as mg N
g~ ' dry weight (Galmés et al. 2011).

Kinetics and Rubisco specificity (S¢/o)

The Rubisco carboxylase turnover rate (keat®) and the Michaelis—
Menten constant for CO, under 100% N, (K:) or under
21% O, (K") were determined at 25 °C in crude protein
extracts, following the method described by Idiguez et al.
(2019). The only modification was an increase in the quantity of
polyvinylpolypyrrolidone (PVPP) added to the extraction buffer
(0.2 g FW leaves and 0.2 g PVPP in 2 ml extraction buffer).
The total soluble protein content was determined according to
Bradford (1976). The Michaelis—Menten constant for O, (K,)
was calculated as: K, = (K. * [0z2])/ (K™ — Kc), where [O;3]
represents an air-saturated O, concentration in the assay buffer
of 258 uM. For CO,/0; specificity (S¢/o) measurements at 25
°C, crude extracts were applied to a 5 ml Bio-Scale Mini Macro-
Prep High Q ion exchange column (Biorad) equilibrated with
a column buffer (50 mM EPPS-NaOH, pH 8.0, 1 mM EDTA).
Bound proteins were eluted in 3 ml of a column elution buffer
(50 mM EPPS-NaOH, pH 8.0, 1 mM EDTA, 1 M NaCl) and
concentrated to 0.5 ml using an Amicon Ultra-4 centrifugal filter
(100 KDa, Millipore). These semi-purified Rubisco extractions
were used to measure S¢/,, following the method described by
Kane et al. (1994). Replicate measurements for all Rubisco
kinetics were carried out using independent protein extrac-
tions from different individuals (n = 4—6) and wheat (Triticum
aestivum L. cv. Cajeme) was used as a control.

Statistical analysis

Three to six plants were used for all of the measurements
performed. To test for significant differences in the stomatal
parameters between adaxial and abaxial foliar faces, a Student’s
t-test (P < 0.05) was used. To determine the change in the
stomatal response rate to irradiance, CO, and VPD, the slopes
obtained by fitted linear regressions were compared using
SigmaPlot Version 10.0 software (SPSS, Chicago, IL, USA). To
provide statistical differences for irradiance and VPD, a Student's
t-test (P < 0.05) was used, along with a one-way ANOVA
and Tukey test (P < 0.05) for the three levels of CO,. The
values of each point of the response curves of Ay to light
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Table 1. Stomata anatomical traits of A. araucana: stomatal density (D), stomatal size (S), stomatal area index (SAl), stomatal length (SL), stomatal
width (SW), pore length (PL), pore depth (PD), maximum stomatal pore area (¢max) and anatomical maximum stomatal conductance to water vapor

(gwmax). Values are means + SE (n = 5).

Parameter Adaxial surface Abaxial surface
D (mm~2) 4514 +£1.65 50.64 + 2.56

S (um?) 1551 + 64 1583 + 55

SAl (mm? stomata mm™2 leaf) 0.07 £ 0.002 0.08 £ 0.003*
SL (um) 52.38 + 1.31 53.68 + 1.31
SW (um) 29.47 £0.59 29.38 £ 0.39
PL (um) 23.36 £ 0.76 24.46 £ 0.70
PD (um) 14.73 £ 0.29 14.69 £ 0.2
Cmax (LM?) 217.44 £ 1456 237.74 £ 13.16
Gwmax (Mol H;O m™2 s7") 0.36 £ 0.01 0.43 £ 0.02*

*Indicates significant differences between adaxial and abaxial surfaces according to Student’s t-test (P < 0.05).

and temperature were compared using one-way ANOVA with
STATISTICA 8.0 software (Statsoft, Tulsa, OK, USA). A Student’s
t-test was used to compare the photosynthetic parameters and
quantitative analysis limitations obtained at 20 and 25 °C.
A Pearson correlation analysis was performed to assess the
relationships of Ay and gs, gm, ETR, Vemax and the anatomical
traits, as well as that of T, and LMA, all of which were carried
out using SigmaPlot Version 10.0 software.

Results

Stomatal traits and their response to different environmental
conditions

Araucaria araucana is an anfiestomatic species with a paracytic
disposition (Figure 1a) whose stomata are conspicuously cov-
ered by abundant epicuticular waxes (Figure 1b). Its stomatal
apparatus is also characterized by a wide sub-stomatal chamber
formed by voluptuous guard cells (Figure 1c and d). In general,
adaxial and abaxial surfaces showed no significant differences,
at least in the evaluated traits (Table 1). Stomatal density (D)
showed values around 45-50 stomata per mm~2, with an
average stomatal size (S) of 1551 and 1583 um? for adaxial
and abaxial surfaces, respectively. Based on these parameters,
the SAI showed differences between leaf surfaces, where the
adaxial surface presented significantly lower values than the
abaxial surface (0.07 £ 0.002 mm? stomata mm~2 leaf and
0.08 £ 0.003 mm?® stomata mm~ leaf, respectively). The
stomatal length (SL), stomatal width (SW), pore length (PL) and
pore depth (PD) were non-significantly different between adaxial
and abaxial surfaces. These traits and the maximum stomatal
pore area (omax) Were used to calculate gwmax, Which presented
higher values in the abaxial surface (0.43 + 0.02 mol HO
m~? s~') compared with the adaxial surface (0.36 £ 0.01 mol
H,O m=2 s7).

When testing the leaf economics spectrum (LES) in
gymnosperms, A. araucana was found to rank among the
highest in S and low D, while among fossil gymnosperms and
fossil araucarias were the lowest (Franks and Beerling 2009)

(Figure 2a). Furthermore, when considering the atmospheric
CO; concentration of each species, A. araucana evaluated at
CO; conditions at the time of its appearance showed a gwmax far
from the general trend; however, under the current atmospheric
CO, concentration, it coupled to the distribution of the fossil
gymnosperms (Figure 2b).

Regarding the short-term stomatal responses to varying envi-
ronmental conditions, significant differences in gs were detected
in response to the transition from dark to light and to the different
CO2 concentrations, though significant differences were not
observed in VPD (Figure 3 and Table S2 available as Supple-
mentary data at Tree Physiology Online). When A. araucana
leaves were preserved in the dark for 2 h, they maintained
their stomata practically closed (gs = 0.006 £ 0.002 mol
H>O m~2 s7"). After the light intensity increased to 1500 pmol
photons m™? s™', gs increased slowly within the first 39 min
(steep slope) (Figure S2a details of curves available as Supple-
mentary data at Tree Physiology Online), following a continuous
increase until reaching a gs of 0.07 £ 0.007 mol H,O m~? s~
at 240 min (Figure 3a). As the CO, concentration increased
from 200 umol CO, mol™" to 400 umol CO» mol™' and
finally 2000 pmol CO, mol™", gs decreased significantly from
0.095 4+ 0.011 to 0.064 + 0.005 and to 0.028 4+ 0.002 mol
H>O m~ s7', respectively. The time required for A. araucana
to reach a stable state of gs at a concentration of 400 p.p.m.
was 75 min and it took 99 min to achieve stabilization of
gs at 2000 p.p.m. (Figure 3b and Figure S2b available as
Supplementary data at Tree Physiology Online). No changes
were detected between the two VPD assayed, which maintained,
on average, values of 0.063 + 0.004 mol H,O m=? s™'
(Figure 3c and Figure S2c available as Supplementary data at
Tree Physiology Online).

Photosynthetic response to light, temperature and CO,
concentration

The photosynthetic response of A. araucana to different light
intensities (Figure S3a available as Supplementary data at Tree
Physiology Online) showed a light saturation point (LSP) at
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Traits of Araucaria araucana (Molina) K. Koch 1963

Figure 1. (a) Scanning electron micrographs of abaxial leaf surface of A. araucana, (b) stomata covered by epicuticular waxes, (c) transversal leaf
section of substomatal cavity and (d) cross-section of a guard cell. Ostiole (Os), mesophyll cell wall (CW), stomatal cavity (SC), chloroplast (Chl)
and starch grain (SG).
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Figure 2. (a) Relationship between stomatal size (S) and stomatal density (D) of A. araucana, A. araucana from Barrera and Meza (1991), fossil
araucarias, fossil gymnosperms and non-fossil gymnosperms, (b) the relationship between the total anatomical maximum stomatal conductance to
water vapor (gwmax) and the atmospheric CO, concentration in the Phanerozoic Eon. For A. araucana, the current atmospheric CO, concentration of
400 ppm and the mean reported in the Cretaceous period of 950 ppm were used as a simulation. Data for fossil araucarias and fossil gymnosperms
were taken from Franks and Beerling (2009) and Franks et al. (2014) and data for non-fossil gymnosperms was obtained from Barrera and Meza
(1991) and Xiong et al. (2018).
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Figure 3. (a) Stomatal response curve (gs) of A. araucana at photosyn-
thetically active radiation, PAR (imol photons m=2 s™"), (b) atmospheric
CO; concentration, Cq (umol CO2 mol~") and (c) vapor pressure deficit,
VPD (kPa). The gray dashed vertical line shows the moment of change
in environmental conditions. The linear regression equation of slopes is
shown (n = 4-5).

—2 —1

456.37 umol of photons m™ s~ with a net photosynthesis
(An) of 6.57 £ 1.18 umol CO, m=? s=' (Table 2). The light
compensation point (/comp), the apparent quantum yield (¢)

Table 2. Parameters derived from the net CO, assimilation rate (Ay)
response curve to light and temperature in A. araucana: light saturation
point (LSP), maximum net photosynthetic rate (Amax), light compen-
sation point (/comp), apparent quantum yield (¢), curvature factor (6)
and optimum leaf temperature for photosynthesis (Topt). Values are
means + SE (n = 3-4).

Parameters

LSP (umol photons m=2 s™) 456.37 + 63.5
Amax (umol CO2> m™2 s71) 6.57 +£1.18
lecomp (emol photons m=2 s~7) 4311+ 7.15
¢ (mol CO2 mol~" photons) 0.02 + 0.002
6 (dimensionless) 0.98 + 0.006
Topt (°C) 19.94 £ 0.36

and the curvature factor (#) were 43.11 £ 7.15 umol of
photons m~ s=', 0.02 + 0.002 mol CO, mol~' photons and
0.98 £ 0.006, respectively (Table 2).

Across the range of analyzed temperatures, Ay presented
the lowest values at 10 and 30 °C, with 3.34 £+ 0.39 and
4.7 £ 0.26 pumol CO, m=— s, respectively (Figure S3b
available as Supplementary data at Tree Physiology Online).
The optimum leaf temperature for photosynthesis (Topt) was
19.94 °C, according to the polynomial function fitted to the
temperature response curve (Table 2, R* = 0.861).

At a CO, concentration of 400 umol of CO» mol™" and
light saturation of 2000 umol of photons m= s™', Ay was
twice as high at 20 °C than at 25 °C (6.24 £ 0.77 and
3.16 £ 0.37, respectively) (Table 3). Therefore, at 20 °C, the
response of Ay to the variable concentration of substomal CO,
(G) was higher (Figure S4 available as Supplementary data
at Tree Physiology Online). Values for gs followed the same
trend, being 0.07 £+ 0.009 mol H,O m™ s™' at 20 °C and
0.03 £ 0.004 mol H,O m= s™" at 25 °C. Accordingly, the
intrinsic water-use efficiency (An/gs) did not differ in plants
measured at different leaf temperatures.

The combined analysis of leaf gas exchange and chlorophyll
a fluorescence showed that gs was higher than the g, at 20
°C, but not at 25 °C. The low values for gs and g, determined
remarkably low values for the total leaf conductance to CO;
(gtot), Which, like gs, was strongly correlated with Ay (Figure 4),
indicating that Ay was mainly limited by diffusional components.
Actually, the quantitative contribution of stomatal (/s), mesophyll
(Im) and biochemical (/) limitations on photosynthesis showed
that, at 20 °C, /s and /,, accounted for ca 70% of the total
limitation to Ay (Table 3). At 25 °C, /s and I, were significantly
more limiting than /p,.

The rate of mitochondrial respiration under dark conditions
(Rdark) was similar for the two measurement temperatures
(around 0.56 + 0.04 pumol CO, m=2 s7'), suggesting that
the observed differences in Ay were not due to differences
in mitochondrial respiration. The ETR showed a significant
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Table 3. Photosynthetic parameters and quantitative analysis limitation of photosynthetic CO, assimilation of A. araucana measured at ambient
CO; concentration and two measurement temperatures (20 and 25 °C). Net photosynthetic CO, assimilation rate (Ay), stomatal conductance
(gs), mesophyll conductance to CO, obtained through Harley’s method (gm), total leaf conductance to CO2 (giot), intrinsic water-use efficiency
(An/gs), dark mitochondrial respiration (Rgark), €lectron transport rate (ETR), ratio of the electron transport rate and gross photosynthesis (ETR/Ag),
substomatal CO, concentration (Cj), maximum Rubisco carboxylation rate (Vcmax), stomatal limitation (/s), limitation due to mesophyll (/) and

biochemistry (/p). Values are means £ SE (n = 3-4).

Parameter Measurement temperature

20 °C 25 °C
An (umol CO, m™2 s71) 6.24 + 0.77 3.16 £ 0.37*
gs (mol H,0 m=2 s71) 0.07 + 0.01 0.03 + 0.004*
gm (mol CO, m2 s7") 0.05 + 0.01 0.05 + 0.01
Giot (Mol CO, m™2s77) 0.02 £+ 0.003 0.01 £+ 0.002*
An/gs (umol CO, mol™' H,0) 91.98 4+ 6.56 108.84 + 2.71
Reark (wmol CO» m=2 s71) —0.54 + 0.04 —0.57 + 0.09
ETR (umole™ m™—2s7') 55,54 + 5.69 33.58 £+ 1.63*
ETR/Ag (umol e~ pumol~" CO3) 859 £ 0.3 10.2 £ 0.97
Ci (umol CO2 mol™" air) 243.49 4+ 10.1 214.74 + 4.57*
Vemax (umol CO2 m™2 s71) 38.41 £ 2.93 19.8 £ 0.81*
Is % 37.66 £ 2.64a 44.78 + 1.14*a
Im % 31.63 + 1.93a 18.88 + 3.04*b
Ipb %o 30.7 £ 1.54a 36.33 £ 3.78a

*Indicates significant differences between measurement temperatures according to Student’s t-test (P < 0.05). Different letters indicate significant
differences among quantitative limitations according to ANOVA and Tukey’s test (P < 0.05).

decrease with the increase in leaf temperature, consistent
with the reduction observed in Ay (Table 3). In consequence,
temperature did not significantly alter ETR/Ag values. The max-
imum Rubisco carboxylation rate (Vcmax) also showed differ-
ences between measurement temperatures, decreasing from
38.41 +2.93 umol CO, m?s™"at20°Cto 19.8 = 0.81 umol
CO, m—2 s7" at 25 °C. Consequently, Vmax correlated linearly
with Ay, as occurred with gs and giot (Figure 4).

When comparing with other gymnosperms, A. araucana
showed the lowest values for the relationships Ay versus gs
(Figure 5a) and Ay versus gp, particularly at 25 °C (Figure 5b).
A similar trend for lower values in A. araucana was observed in
the gs, but not in g, (Figure 5c¢). Again, A. araucana represented
an exceptional species in the relationship Ay/gs versus gm/gs,
proving to be an outlier as compared with the rest of the
gymnosperms (Figure 5d) (data from Gago et al. 2019).

Rubisco kinetic parameters and specificity factor

The Rubisco kinetic parameters measured in vitro at 25
°C (Table 4) showed a Rubisco Michaelis constant for
CO, (K:) of 2113 £ 0.88 uM and for O (K,) of
1049 £ 180 uM. The maximum carboxylase catalytic turnover
rate (keat®) was 2.54 4+ 0.13 s7' and the kceqt“/Kc ratio was
0.12 £ 0.01 s7' uM~". The Rubisco specificity factor (S¢/o)
was 93.37 £ 1.89 mol mol~". When testing the distribution
of the Rubisco catalytic parameters of A. araucana at 25 °C
among Cs plants (Ifiguez et al. 2020), this species presented
some particular traits, specifically a remarkably low affinity for
Oy, i.e., high K, (Figure S5a available as Supplementary data

at Tree Physiology Online). The value of kcat®/Kc for Rubisco in
A. araucana was among the lowest for C3 plants (Figure S5b
available as Supplementary data at Tree Physiology Online),
although S¢, values were within the previously reported
range of variation for C3 plants (Figure S5c available as
Supplementary data at Tree Physiology Online).

Anatomical g, and leaf structure

Anatomy-based gy, values were lower than those estimated by
the Harley et al. (1992) method, confirming that leaves of A.
araucana have a limited ability to deliver CO, to carboxylation
sites (Table 5). The A. araucana showed a high mesophyll thick-
ness (760.53 £ 6.69 um), with chloroplasts 5.64 £ 0.22 um
long and 2.29 £ 0.17 um thick (Figure 6e), distributed
circumferentially at 0.26 & 0.05 um (ALcy) from the cell
wall (Figure 6d and e). Within gymnosperms, including living
species of the Araucariaceae, A. araucana presented extremely
high values of cell wall thickness (Tew = 1.2 & 0.09 um)
and the lowest reported value of chloroplast surface area
exposed to intercellular airspace (S5./S = 6.3 £ 0.2 m* m™?)
(Figure 7).

The CO: transfer conductance across the liquid phase (giq)
was one order lower than that across the intercellular airspace
(Gias), Which yielded a low quantitative g, limitation by the
intercellular air spaces (lizs) (Table 5). Regarding the different
components that limit giq, the limitations of the cell wall
accounted for 87% of the Jiiq limitation, and therefore, the thick
cell walls proved to be the main factor responsible for the low
internal diffusion of CO> observed in A. araucana leaves.
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Table 4. In vitro Rubisco kinetic parameters of A. araucana measured at 25 °C. The Rubisco Michaelis—Menten constant for CO, (K.) and Oz (Ko),
the maximum carboxylase catalytic turnover rate (keat®), the carboxylase catalytic efficiency (keat®/K:™") and the Rubisco specificity factor (Se/o).
Values are means £ SE (n = 4—6). For comparative purposes, we also measured the kinetic parameters at 25 °C in Rubisco from wheat (Triticum
aesticum ‘Cajerne’). The values were as follows: K. = 9.66 uM; keat® = 2.3 577 keat“/Ke = 0.24 s7' uM™"; S¢/o = 89.7 mol mol™".

Temperature Ke (uM) Ko (uM) Keat® (s71) KeatS /K2 Sc/o (mol mol™)
(s7' M)
25 °C 21.13 £ 0.88 1049 + 180 254 £0.13 0.12 £ 0.01 93.37 £1.89

The LMAin A. araucana was 290.41 £ 19 g m~?, with an LD
of 0.28 £ 0.02 g cm™ and a RWC of 73 £ 0.49%. We found
a foliar nitrogen content of 1.29 + 0.05% and a leaf carbon
isotopic composition (§"°C) of —26.97 £+ 0.27 (Table 5).
compared with other gymnosperms, A. araucana presented
values for LMA and nitrogen content within the average range
found for this group (Figure S7 available as Supplementary data
at Tree Physiology Online).

Discussion

Araucaria araucana has a notably slow stomatal response to
light and CO, concomitant with evolutionary old anatomical
traits

The A. araucana evolved in the Early Cretaceous (Liu et al.
2009), when the atmospheric CO, concentration was double
and triple the current concentration. Under these conditions,
A. araucana developed leaf anatomical features that ultimately
resulted in a low stomatal conductance, with large stomatal
size and low D compared with other extant gymnosperms and
even lower than many fossil araucarias and fossil gymnosperms
(Table 1 and Figure 2) (Barrera and Meza 1991, Haworth
et al. 2011b, Xiong et al. 2018). However, this comparison
should be approached with caution, since most of the extant
gymnosperms included in Figure 2a were measured using their
herbarium leaves (Barrera and Meza 1991). The leaves of A.
araucana presented a notable wax accumulation (Figure 1b),
which could further limit gas flow (CO, and water vapor) and
increase the distance for CO, diffusion (Peguero-Pina et al.
2016b). The gwmax in A. araucana was found to be notoriously
lower than values reported for other araucaria fossils (Table 1
and Figure 2b), though similar to most gymnosperms (Franks
et al. 2009, McElwain et al. 2016, Xiong et al. 2017). The dif-
ference between gs and gwmax has been well documented in lit-
erature, with the in vivo gs registering ~20-25% lower than the
theoretical one (Lawson and Morison 2004, Dow et al. 2014,
Dow and Bergmann 2014, McElwain et al. 2016, Sack and
Buckley 2016). In the present study, gs was lower than gwmax
(Tables 1 and 3), presumably due to the presence of wax depo-
sitions, which can reduce the stomatal pore area by up to six
times (Mohammadian et al. 2007, Peguero-Pina et al. 2016b).
In the relationship between gwmax and an atmospheric CO,

concentration of 950 p.p.m., A. araucana values behaved as an
outlier of the general trend (Figure 2b). This may be indicative
of ancient stomatal traits that have evolved due to changes in
the atmospheric CO, concentration. However, this interpretation
should be approached with caution, as the dimensions of the
stomata at 950 p.p.m. of CO, were not evaluated in this study.

During the transition from darkness to light saturation, we
observed a first phase (for ~40 min after the light was
turned on) during which gs increased from almost zero up
to 0.0631 mol H,O m~ s, followed by a second phase
of 80 min where gs slowly increased to a steady state of
0.074 mol H,O m= s=' (Figure 3). Overall, A. araucana
required >120 min to achieve maximum values of gs, longer
than the time needed by other gymnosperms, such as Taxus
baccata and Ginkgo biloba (McAusland et al. 2016, Xiong et al.
2017). This slow response may, yet again, be attributed to
primitive stomatal traits because the large and robust stomata
found in this species are characterized by slow movements
(Franks and Beerling 2009, Raven 2014).

Regarding the CO, response, the stomata of A. arau-
cana gradually closed as the CO, concentration increased
(Figure 3b). This low sensitivity may be due to the absence of
the Ca*"-dependent signaling mechanism reported in modern
species that increases the sensitivity of guard cells to CO;
(Brodribb and McAdam 2013). Additionally, stomata were
moderately sensitive to VPD variation between 1 and 2 kPa
(Figure 3c). This lower sensitivity may be associated with
a slow synthesis of the ABA, possibly caused by a lack of
specific enzymes at the end of the ABA biosynthetic pathway,
or a general delay in the upregulation of critical rate-limiting
enzymes for ABA biosynthesis (McAdam and Brodribb 2015).
Therefore, the increase in foliar ABA levels in gymnosperms
requires a long period of time (6 h) (McAdam and Brodribb
2016), contrary to the shorter time required by angiosperms
(10-20 min) that have a greater stomatal sensitivity to VPD
(McAdam and Brodribb 2016, Sussmilch et al. 2017). The
slow synthesis of ABA is attributed to the fact that gymnosperms
exhibit hydropassive responses, not mediated by ABA, to short-
term changes in VPD (Brodribb and McAdam 2017). Therefore,
considering that the stomatal movements of A. araucana could
follow a hydropassive model, the combination of low leaf
hydraulic conductance and high leaf capacitance found in this
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Table 5. The leaf mesophyll conductance for A. araucana modeled
through anatomical parameters (gn), the mesophyll thickness between
the two epidermal layers (Tmes), the chloroplast thickness (Tchi), the
chloroplast length (Lcni), the average distance between the chloroplasts
and the cell wall (ALcyt), the cell wall thickness (Tcw), the chloroplast
surface area exposed to intercellular airspace (Sc/S), the mesophyll
surface area exposed to intercellular airspace (Sp,/S), the intercellular
air space (gias), the liquid phase (giq), the percentage of limitation of
the leaf mesophyll conductance to CO, by intercellular spaces (fias),
cell wall (lew), plasmalemma (/o) and inside the cell (lceltot), the LMA,
the LD, the RWC, the nitrogen content (N) and the leaf carbon isotopic
composition (8'>C). Values are means + SE (n = 3-5).
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Figure 4. (a) The relationship between the stomatal conductance (gs),
(b) the total leaf conductance to CO, and (c) the maximum Rubisco
carboxylation rate (Vcmax) with the net photosynthetic CO, assimilation
rate (An) in A. araucana measured at leaf temperatures of 20 and 25
°C. Regression coefficient and the significance of the relationship are
shown (n = 4).

species (Brodribb et al. 2005) should promote extremely slow
stomatal movements (Xiong and Nadal 2020).

Overall, our results show that A. araucana displays and retains
stomatal traits typical of evolutionary ancient species (i.e., low
D, large stomata and slow changes in the opening and closing
of the stomata). Even though A. araucana has spent years
facing different environmental conditions from those in which
it evolved, it seems to maintain these traits, showing very little
plasticity and adaptability to new environments.

Parameter

gm (mol CO, m™2s7") 0.03 + 0.002
Tmes (1em) 760.53 + 6.69
Tenl (um) 229+ 017
Lent (pem) 5.64 4+ 0.22
ALyt (am) 0.26 £ 0.05
Tew (um) 1.18 &+ 0.09
Sm/S (m? m~2) 12.09 + 0.32
Se/S (m? m™2) 6.33 £ 0.29
Jias (Ms™") 0.01 £ 0.001
Jiiq (ms™) 0.001 =+ 0.001
lias (%) 973+ 1.3

lew (%) 87.07 £ 2.82
lol (%) 237 +0.14
leettor (%) 2589+ 1.8
LMA (g m™2) 290.4 £ 19
LD (gcm™) 0.28 £ 0.02
RWC % 73 + 0.49

N (%) 1.29 4+ 0.05
§2C —26.97 £0.27

Stomatal conductance is the main determinant of
photosynthesis in A. araucana and stomatal limitation
increases with temperature

The LSP and the convexity of the Ay—PAR curve suggest that
A. araucana has an outstanding capacity to explore a wide
PAR range (Figure S3a available as Supplementary data at Tree
Physiology Online, and Table 2). This strategy is most likely
related to its ability to regenerate under shady conditions and
continue later growth under conditions of full irradiance (Finckh
and Paulsch 1995, Lusk and Le-Quesne 2000, Gonzalez et al.
2010).

Based on the evolutionary history of gymnosperms, it has
been reported that they dominated much of the Mesozoic,
and their greatest abundance occurred after the Permian—
Triassic extinction, possibly due to the opening of the canopy
to direct light (McElwain and Punyasena 2007, Crisp and Cook
2011, Wang and Ran 2014). Many gymnosperms prefer sunny
conditions (Kouril et al. 2016), though there are some species
of Podocarpaceae with a significant tolerance to shade, allowing
them to successfully compete with angiosperms (Biffin et al.
2012, Brodribb et al. 2012). Some conifers of the Taxaceae and
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Figure 5. (a) The relationship between the net photosynthetic CO, assimilation rate (Ay) and the stomatal conductance (gs), (b) the leaf mesophyll
conductance (gm), (c) the relationship between gs and g, and (d) the relationship between the intrinsic water-use efficiency (An/gs) and the ratio
Jgm/gs. Represented data include the values of A. araucana measured at 20 and 25 °C in the present study and data for gymnosperms measured
between 20 and 26 °C obtained from Onoda et al. (2017) and Gago et al. (2019). The regression coefficient and the significance of the relationships

are shown.

Araucaraceae (Agathis) families are also able to compete with
angiosperms by increasing their leaf area and colonizing semi-
shady environments or those with direct sun exposure (Brodribb
et al. 2012). However, this is not the case of A. araucana,
which has shown little competitive capacity, forming, instead,
pure forest timberlines at 1500 m (Veblen 1982, Finckh and
Paulsch 1995, Panti et al. 2012).

The optimal temperature for Ay was close to 20 °C (Fig-
ure S3b available as Supplementary data at Tree Physiology
Online, and Table 2). This could indicate that the environmental
temperature during its 13 years of growth in the nursery has
allowed its optimum temperature to be adjusted to those of
the warm temperate forests in the summer. This is consistent
with the capacity in C3 plants to adjust their photosynthetic
characteristics to their growth temperatures (liménez-Castillo
et al. 2011, Yamori et al. 2014, Urrutia-Estrada et al. 2018).

At light saturation and optimal temperature, Ay of A. araucana
and its diffusive components (Figure 5) were similar to those
found in other gymnosperms (Peguero-Pina etal. 2012, 2016a,
Veromann-Jirgenson et al. 2017, 2020b, Xiong et al. 2018).
However, a notable effect of the leaf temperature was observed
in Ay, considering that Ay decreased by almost half when
measured at 25 °C, as compared with 20 °C. This reduction in
An was mainly attributed to giot, and particularly to the decrease
in gs, since g, did not respond to temperature (Figure 5
and Table 3). The g, response to temperature has proven to
differ markedly among species, where a greater and/or lower
sensitivity of gp, to an increase in temperature depends on the
contributions of the activation energy for the CO, membrane
permeability and the length of the effective path of CO; diffusion
in the liquid phase (von Caemmerer and Evans 2015). The drop
in gs could be explained by the increase in VPD (see Materials
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Figure 6. (a) Leaf, (b, c) mesophyll transverse section, (d) mesophyll cell and (e) chloroplast of A. araucana. Cuticle (Cu), Ostiole (Os), stomatal
cavity (SC), mesophyll cell (MC), chloroplast (Chl), cell wall (CW) and mitochondria (M).

and methods) as a result of the increase in leaf temperature,
which could have caused the limitation of Ay (Day 2000, Du
etal. 2018). Despite the latter, the primitive stomatal traits of A.
araucana could be responsible for the remarkably low gs, directly
limiting An. Indeed, the photosynthetic rates of CO, assimilation
and gs of A. araucana at 25 °C were the lowest when compared
with other gymnosperms, and similar to Ay and gs values
reported in Wollemia nobilis (Trueba et al. 2022), resulting in
outlier values for gn/gs and An/gs (Figure 5), consistent with
the higher intrinsic water-use efficiency and §"C foliar isotope
content reported in gymnosperms (Smith and Epstein 1971,
Flexas and Carriqui 2020). Trueba et al. (2022) concluded
that a key trait in carbon assimilation and water-use efficiency in
conifers is mesophyll volume in interaction with stomatal pore
number. The higher An/gs in A. araucana could be explained by
the high mesophyll thickness (Table 5) and low D of its leaves
(Table 1).

The leaf mesophyll conductance for A. araucana modeled
through anatomical parameters (g,) was among the lowest
reported in gymnosperms (Veromann-Jirgenson et al. 2020a).
This is mainly due to the particular thickness of the cell
wall (Tew), the second thickest reported for gymnosperms
(Veromann-lurgenson et al. 2017, 2020a). In A. araucana,
Tew limits the anatomical g, by 87% (Table 5), notably
higher than the percentage reported in A. heterophylla
(Veromann-Jirgenson et al. 2017). Furthermore, the low
values of S;,/S and S./S, compared with other gymnosperms

(Figure 7b) (Veromann-lirgenson et al. 2020a), reveal that A.
araucana is limited by its primitive leaf anatomical traits. The
high correlation between LMA and T, (Figure S6 available
as Supplementary data at Tree Physiology Online) suggests
a high-density tissue, associated with a higher investment in
Tew. Regarding other characteristics, A. araucana presents a
pattern similar to other gymnosperms (Figure S7 available
as Supplementary data at Tree Physiology Online), with thick
and dense leaves and a low nitrogen (N) content per dry
mass, most likely associated with a greater N allocation to
the thick cell walls (Onoda et al. 2017). All of these traits are
most likely associated with the high leaf longevity reported
in this species (24 years) (Lusk 2001), and consequently
determining one of the lowest anatomical g, reported so far in
gymnosperms (Veromann-Jirgenson et al. 2020a). The higher
values of g, determined in vivo through gas exchange and
chlorophyll fluorescence could be a consequence of some
adjustments that regulate CO, diffusion, such as aquaporin and
carbonic anhydrase (Momayyezi et al. 2020). An important
factor that could explain the differences between the g, values
estimated with the two methods is the cell wall (Tosens and
Laanisto 2018, Flexas et al. 2021). In the anatomical model,
although there is no direct measurement of cell wall porosity,
this model suggests that g, values may vary linearly with cell
wall thickness, where thicker T, is associated with low porosity
and thus lower CO; diffusion (Evans et al. 2009, Tosens et al.
2012). However, Carriqui et al. (2019) showed that, at least
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Figure 7. Distribution of leaf anatomical traits of A. araucana among
gymnosperms and other ancient taxon. (a) The relationship between
the chloroplast thickness (T¢h) and the cell wall thickness (Tcw), (b)
between the chloroplast surface area exposed to intercellular airspace
(Sc¢/Sm) and the mesophyll surface area exposed to intercellular airspace
(Sm/S) and (c) between S./S and T, in A. araucana. Data for
Araucariaceae and gymnosperms were taken from Veromann-Jirgenson
et al. (2020a), and data for gymnosperms from Gago et al. (2019).
The regression coefficient and the significance of the relationships are
shown.

in species with high Ty, gm values modeled from anatomical
traits were low, regardless of the assumed values of cell wall
porosity. On the other hand, Carriqui et al. (2020) showed
that the composition of the cell wall, specifically the relative
proportion of pectins to cellulose and hemicellulose, can modify
the effective diffusivity of CO,, compensating for the negative
effect of a greater thickness of the cell wall, attaining g, values
similar to other species, which could explain differences in gn
that are not related to the thickness of T.,. Despite the current
understanding of the effect of cell wall thickness, the regulatory
components of g, are still unknown in this species and must
be addressed in future studies.

The increase in the measurement temperature (25 °C) exac-
erbated the biochemical limitations by 36% (Table 3). This
is supported by the coordinated decrease in the maximum
Rubisco carboxylation rate (Vcmax) and the ETR (Table 3). The
reduction of Ay has also been observed in other species,
where the increase in temperature could negatively affect the
regeneration capacity of ribulose 1,5-bisphosphate (RuBP) or
the activation state of Rubisco (Cen and Sage 2005). In fact, the
ETR has been found to exhibit an optimum temperature identical
to photosynthesis (Table 3), indicating that the regeneration
capacity of RuBP, above the optimum temperature, may be the
main limitation of Ay (Sage et al. 1995).

Evolutionary ancient Rubisco kinetic traits

Although the photosynthetic limitation of basal groups has been
evaluated mainly based on diffusive and structural factors in
gymnosperms (Franks and Beerling 2009, Franks et al. 2014,
Veromann-Jirgenson et al. 2017, Gago et al. 2019, Flexas
and Carriqui 2020, Veromann-Jirgenson et al. 2020a), the
study of the kinetic characteristics of Rubisco has been scarcely
addressed (Yeoh et al. 1981, Bird et al. 1982, Galmés et al.
2014, lhiguez et al. 2020, Miyazawa et al. 2020). In this
sense, the present results make a valuable contribution to
understanding the Rubisco kinetic traits of one of the most
primitive members of the gymnosperm families.

It has been suggested that Araucariaceae was diverse and
widespread during the Early Jurassic to the Late Cretaceous
(Miller 1977). The separation of the supercontinent Pangea
could have been an important geological event in the distribution
of A. araucana in the Southern Hemisphere (Stockey 1982,
Holz 2015), where climatic conditions, characterized by higher
environmental humidity, warmer temperatures (Kershaw and
Wagstaff 2001, Sellwood and Valdes 2006, Harris et al. 2017)
and higher carbon concentrations, were drivers of the greater
expansion of the Araucariaceae (Sellwood and Valdes 2006).
Our results assume that the high atmospheric CO, and O3
concentrations at the geological time of the diversification of
A. araucana (Stockey, 1982, 1994, Berner 2006, Kunzmann
2007, Holz 2015) influenced its Rubisco kinetics, as reported in
other gymnosperms (Galmés et al. 2014). For instance, K. of A.
araucana showed values close to other ancient species, such as
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Metasequoia glyptostroboides, Ginkgo biloba and Atrichum undu-
latum (Galmés et al. 2014, Miyazawa et al. 2020). Likewise, the
K, was surprisingly high (Figure S5a available as Supplementary
data at Tree Physiology Online). In addition, the slow rates of
Keat®, along with the low affinity for CO2, resulted in a low
Rubisco catalytic efficiency of carboxylation (keat®/Kc), among
the lowest values reported to date in higher plants (Ifiiguez
et al. 2020). Overall, the atmospheric conditions that governed
the evolution of this species could be responsible for the
conservation of primitive structural and biochemical traits that
have determined photosynthetic rates typical of evolutionary
ancient species.

Concluding remarks and prospects

The present study provides novel information on the photosyn-
thetic performance, anatomical and biochemical traits of A. arau-
cana, one of the most primitive gymnosperms. The anatomical
traits of the stomatal apparatus and D caused a notably low
gs, even lower than theoretical conductance. These traits could
be responsible for the slow stomatal response to changes in
environmental conditions. It appears that Ay is more determined
by gs than by g, despite the remarkably high values of T, and
low values of S./S and Sp,/S found in this species. However,
interestingly, the quantitative analysis at 20 °C showed that Ay
is equally limited by both diffusive and biochemical components.
The increase in the measurement temperature induced increases
in stomatal and biochemical limitations that resulted in a notable
decrease in the photosynthetic rate. Araucaria araucana proved
to preserve primitive Rubisco kinetic traits, which are most
likely a result of the environmental conditions at the time of its
diversification, which are in conjunction with gs, and determined
its photosynthetic performance (Figure 8).

The results of this study are of great interest, especially now
that climate change has caused a high percentage of mortality
in different forest biomes. Therefore, according to our results,
climate change, associated with the increase in temperature,
may cause a notorious drop in stomatal conductance, hindering
the diffusion of carbon into intercellular air spaces, which
together with a lower Rubisco affinity for CO, may compromise
the photosynthetic capacity of A. araucana.

Supplementary data

Supplementary data for this article are available at Tree Physiol-
ogy Online.
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