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Abstract. Interest in the thermal acclimation of photosynthesis has been stimulated by the increasing relevance
of climate change. However, little is known about intra-specific variations in thermal acclimation and its potential for
breeding. In this article, we examined the difference in thermal acclimation between alfalfa (Medicago sativa) culti-
vars originating from contrasting origins, and sought to analyze the mechanisms in play. A series of experiments
was carried out at seven growth temperatures between 5 and 35°C using four cultivars from temperate and
Mediterranean origin. Leaf traits, the photosynthetic rate at 25 °C (A400%°), the photosynthetic rate at optimal tem-
perature (A400°""), the thermal optimum of photosynthesis (Top), and the photosynthetic parameters from the
Farghuar model were determined. Irrespective of cultivar origin, a clear shift in the temperature responses of photo-
synthesis was observed as a function of growth temperature, affecting thermal optimum of photosynthesis,
photosynthetic rate at optimal temperature and photosynthetic rate at 25°C. For both cultivars, T, values in-
creased linearly in leaves grown between 5 and 35 °C. Relative homeostasis of A,oo>” and A,o0°Pt was found between
10°C and 30°C growth temperatures, but sharp declines were recorded at 5 and 35°C. This homeostasis was
achieved in part through modifications to leaf nitrogen content, which increased at extreme temperatures.
Significant changes were also recorded regarding nitrogen partitioning in the photosynthetic apparatus and in the
temperature dependence of photosynthetic parameters. The cultivars differed only in terms of the temperature re-
sponse of photosynthetic parameters, with Mediterranean genotypes displaying a greater sensitivity of the maxi-
mum rate of Rubisco carboxylation to elevated temperatures. It was concluded that intra-specific variations in the
temperature acclimation of photosynthesis exist among alfalfa cultivars, but that Mediterranean genotypes pre-
sented no evidence of superior performance at high temperatures.

Keywords: Farquhar model; homeostasis; intra-specific variability; leaf traits; Medicago sativa; photosynthesis;
temperature acclimation.
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Introduction

Because plants cannot move, adaptation of their photo-
synthetic characteristics is essential to maximize perfor-
mance at their growth temperature (Tgrowtn) (Berry and
Bjorkman 1980; Sage and Kubien 2007; Way and Yamori
2014; Yamori et al. 2014). In addition to short-term re-
sponses of photosynthesis, the thermal acclimation of
the photosynthetic system has long been acknowledged
as a phenomenon (Berry and Bjorkman 1980; Mooney
et al. 1978). It is now seen as a critical process to predict
impacts of climate change (IPCC 2013 and infer species
adaptation (Gunderson et al. 2010; Kattge and Knorr
2007).

Berry and Bjorkman (1980) defined photosynthetic ac-
climation as ‘environmentally induced changes in photo-
synthetic characteristics that result in an improved
performance under the new growth regime’. The thermal
acclimation of photosynthesis has been associated with
modifications to several photosynthetic variables (Way
and Yamori 2014) which include: (i) shifts in the thermal
optimum (Tp) of photosynthesis toward a new Ty owth,
(i) a relative homeostasis of the maximum photosyn-
thetic rate between Tgowin (Cowling and Sage 1998;
Gunderson et al. 2010) and (iii) altered photosynthetic
characteristics measured at 25 °C, such as the ratio be-
tween the maximum electron transport rate (Jmqx) and
the maximum rate of Rubisco carboxylation (Vemax)
(Berry and Bjorkman 1980; Leuning 1997, 2002; Medlyn
et al. 2002). Growth temperature is also known to affect
leaf expansion (Louarn et al. 2010) and the structure of
mature leaves (Bula 1972; Hanson et al. 1988; Ku and
Hunt 1973). Ultimately, growth effects alter leaf traits,
such as the final leaf area (Lgreq), the specific leaf area
(SLA) and the amount of nitrogen per unit area (N,) (Field
and Mooney 1986; Garnier et al. 1999; Hikosaka 2004;
Reich et al. 1998), which are tightly related to photosyn-
thetic capacity (Evans 1989; Yamori et al. 2005). These
growth responses may in part be adaptive, and contrib-
ute to the thermal acclimation of photosynthesis (Onoda
et al. 2004; Sage and Kubien 2007).

Inter-specific differences in the thermal acclimation of
photosynthesis have been studied extensively within
each of the different photosynthetic pathways (Sage and
Kubien 2007; Yamori et al. 2014). Among C3 species, sig-
nificant inter-specific differences have been reported rel-
ative to the magnitude of responses (Bunce 2000;
Hikosaka et al. 2006; Mooney 1980; Yamasaki et al. 2002;
Yamori et al. 2010, 2014). These differences were to
some extent linked to the ecological thermal niches of
species. For instance, cold-tolerant herbaceous species
displayed a more marked degree of maximal tempera-
ture homeostasis and a greater ability to shift Ty than

cold-sensitive ones (Yamori et al. 2010). Among trees,
species adapted to habitats with broader seasonal or
diel temperature variations have also been reported to
have greater capacities for acclimation (Cunningham
and Read 2002). The mechanisms underpinning these
inter-specific differences have not been fully elucidated.
However, differences in the capacity to balance nitrogen
partitioning in the photosynthetic apparatus with growth
temperature were associated with differences in thermal
acclimation among herbaceous species (Hikosaka et al.
2006; Onoda et al. 2005; Yamori et al. 2010). Differences
in the ability to adjust the temperature dependencies of
photosynthetic reactions limiting CO, assimilation,
namely the rates of ribulose-1,5-biphospate (RuBP) car-
boxylation and regeneration, were also identified (Bunce
2000). Finally, differences have been reported in the heat
stability of Rubisco activase, resulting in the de-
activation of Rubisco (ribulose-1,5-bisphosphate carbox-
ylase/oxygenase) at lower temperatures in species
adapted to cold environments (Hikosaka et al. 2006;
Salvucci and Crafts-Brandner 2004; Sage et al. 2008).

By comparison, the study of intra-specific variations in
thermal acclimation has received far less attention. A
couple of studies showed that differences exist among
ecotypes (Bjorkman et al. 1975; Ishikawa et al. 2007;
Mooney 1980; Pearcy 1977). However, little is known
about the range of plasticity existing within a species
compared to the inter-specific range, in part because
most previous studies were limited to comparing two
Tgrowth ONly. Furthermore, positive relationships were
found between the acclimation potential and the alti-
tude or thermal regime of ecotypes in some (Ishikawa
et al. 2007), but not all species (Gunderson et al. 2000;
Teskey and Will 1999). Nevertheless, it is still necessary
to determine how intra-specific diversity in terms of pho-
tosynthesis acclimation might be related to the ability of
a species to occupy a broad range of habitats and
achieve this acclimation.

The objectives of this study were to characterize the
differences in thermal acclimation between alfalfa
(Medicago sativa) cultivars originating from contrasting
temperate and Mediterranean areas, and to analyse the
mechanisms in play. Alfalfa is a temperate perennial for-
age legume with a broad geographic distribution that
ranges from Northern Europe and Canada to North Africa
and Florida (Michaud et al. 1988). It can generally cope
with cold winters, as well as hot dry summers, and could
potentially express a broad thermal acclimation of pho-
tosynthesis (Yamori et al. 2014). The species has been
shown to present significant genetic diversity for heat
and cold tolerance (McKenzie et al. 1988) as well as max-
imal photosynthesis at 25 °C (Delaney and Dobrenz
1974; Heichel et al. 1988). We compared the thermal
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acclimation of two cultivars and two clones propagated
from cuttings at seven growth temperatures between
5 and 35 °C. Thermal acclimation was analysed in terms
of leaf traits, thermal optimum, maximum photosynthe-
sis and photosynthetic parameters (Vcmax, Jmax and
their temperature dependencies) at each Tgowih
The Farquhar model (Farquhar et al. 1980) was used to
infer the relative importance of the different
photosynthetic parameters to the thermal acclimation
observed.

Methods

Plant materials and growing conditions

A series of experiments was performed in a 8.1 m?
growth chamber (model 97132/7NU, Froids et Mesures,
Beaucouzé, France) at the INRA Lusignan research sta-
tion, France. Independent experiments were carried out
successively at seven growth temperatures (Tgrowth),
ranging from 5 to 35 °C with 5 °C increments. During
each experiment, two alfalfa (M. sativa) commercial cul-
tivars (Harpe and Barmed from temperate and
Mediterranean origin, respectively) and two clones prop-
agated from stem cuttings (G3 and 7_7 clones isolated
from temperate and Mediterranean cultivars Orca and
Demnate, respectively; Maamouri et al. 2015) were used.
Because alfalfa cultivars are synthetic varieties (i.e. popu-
lations of half-sibs containing significant genetic diver-
sity; Julier et al. 2000), clones were selected in order to
replicate identical genotypes in the different experi-
ments. One clone and eight seedlings of each cultivar
were replicated four times in a random block design.

The cuttings were produced in a greenhouse about
3 months before each experiment. Seeds of the synthetic
varieties were pre-germinated in the dark at 25 °C for
96 h before each experiment. Seedlings and clone cut-
tings were transplanted individually into 1.5 L pots (10 x
20cm cylindrical pots) filled with fine quartz (0.8-1.4 mm
mesh). The pots were ferti-irrigated with a complete nu-
trient solution at intervals ranging from three times (5
°C) to eight times a day (35 °C). At the 15 °C Tgrowth, @
problem encountered during the propagation of the cut-
tings prevented their study.

Two phases were distinguished during each experi-
ment. First, a conditioning period at 25 °C and 70 % rela-
tive humidity was applied for 3 weeks. At the end of this
period, plant development had achieved five leaves on
the main stems of seedlings, and 8-11 leaves on cut-
tings. The plants were then placed at the studied Tgowtn
for a period corresponding to five phyllochrones. The air
temperature was adjusted to ensure a daily average leaf
temperature of Tgowth. Day/night temperatures were

thus 5/3, 10/8, 15/13, 20/18, 25/23, 30/28 and 35/33 °C
at Tgrowth OF 5, 10, 15, 20, 25, 30 and 35 °C, respectively.
The vapour pressure deficit (VPD) was maintained below
1.5kPa at all Tgowin by adjusting the relative humidity.
Lights were set on a 14-/10-h (light/dark) photoperiod
(POWERSTAR, HQI-BT 400WD lamps, OSRAM, Munich,
Germany). The photosynthetic photon flux density
(PPFD) measured at the pot level ranged from 400 to 450

pmol photon m—2 s~ 1,

Gas exchange measurements and determination
of photosynthetic parameters

At the end of each experiment, gas exchange measure-
ments were performed using a portable photosynthesis
system (LI-6400, Li-Cor, Lincoln, NE, USA) with a 6 cm?
(2*3 cm) cuvette. The youngest mature leaf on the main
stem (i.e. node ranks 8-9 for seedlings and 12-16 for cut-
tings) were used for each plant [Supporting Information
Table 1].

Light saturated net photosynthesis at ambient CO,
(400 ppm, PPFD of 1500 pmol photon m~2 s ) and dark
respiration were measured at 25 °C (A400>°) and Tgrowth
(Au0o®™"™ on four (clones) or eight (seedlings) plants
per cultivar. In addition, the responses of A to internal
CO, concentration (C) at the substomatal level (A-G;
curves) were determined on the cuttings leaves.
Different levels of C; were obtained by modifying the am-
bient CO, concentration (C.) in the leaf measurement
chamber. The A-C; curves were compiled as proposed by
Long and Bernacchi (2003). First, the value of A at the ac-
tual C, level was recorded, and then C, was gradually re-
duced to five different levels below the ambient
concentration. Thereafter, C, was returned to the initial
value and increased to seven different levels up to 1500
pmol."™"1 Each C, step was maintained for 5 minutes in
order to record stable values. All curves were compiled
at 1500 pmol m~2 s~2 PPFD, the leaf temperature was
controlled at 25 °C and the VPD between the leaf and the
air was kept at 1 = 0.5 kPa. The photosynthetic parame-
ters (Vemax and Jmax) Were estimated simultaneously by
fitting the biochemical model developed by Farquhar
et al. (1980) to the whole A-C; curve, according to the
procedure proposed by Sharkey et al. (2007). Overall,
A-C; curves and photosynthetic parameters were deter-
mined at five different leaf temperatures (Tgrowtn, 10, 25,
35 and 42 °C) for each clone (G3 and 7_7) and each
growth temperature.

Leaf traits

Immediately after the gas exchange measurements, the
leaves were scanned (Konica Minolta C352/C300, Konica
Minolta Sensing, Osaka, Japan). The leaf area (Lgreq) Was
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determined by image analysis (ImagelJ software, http://
rsbweb.nih.gov/ij/, last accessed 31 May 2016). The
leaves were then dried at 60 °C for 2 days, weighed to
determine their dry mass and ground in a vibrating ball
mill (MM400, Retsch GmbH and Co, Haan, Germany). Leaf
samples were analyzed with an elemental analyser
(model EA 1108, Carlo Erba Instruments, Milan, Italy) to
determine their N concentration. The SLA (m? g~*) and
leaf nitrogen content per unit of area (Ng, g N m~2) were
then calculated.

Thermal optimum and determination of the
temperature dependencies of photosynthetic
parameters

The response curves were fitted to temperature using
the nls procedure under R software (R Development Core
Team 2005). The thermal optimum and response to tem-
perature of light saturated net photosynthesis at
400 ppm CO, were determined using a beta function
(Equationn 1, Yan and Hunt 1999):

T Tmax ~Topt

)ToPl’Tmin (1)

T— Tmin . Tmax -
Topt - Tmin

Asoo = AP |(
400 Trnax — Topt

The temperature dependencies of Vimax and Jnax Were
fitted using the Arrhenius model if there was an expo-
nential increase with temperature (Equation 2), or using
a modified Arrhenius function if a significant decline was
measured at high leaf temperatures (Equation 3.):

exp[C — (3]
—
()

1+exp _(ATf)— %)_

p25

(2)

r =

ex

©

(3)

where r is the rate normalized by the parameter value at
25 °C, Cis equal to 1+ exp[(AS.Ty —AHY)/(R.T)] (no di-
mension), T, is the leaf temperature.

Determination of the limiting steps of
photosynthesis

The model developed by Farquhar et al. (1980) was used
to infer the limiting steps of photosynthesis in the re-
sponse of A to temperature under the different combina-
tions of genotypes and growth temperatures studied.
The version implemented on the OpenAlea Modelling
Platform was used (Prieto et al. 2012) with the default
parameters for alfalfa (Louarn et al. 2015). All the vari-
ables, parameters and symbols used are detailed in
Appendix 1. The Farquhar model assumes that the net
photosynthetic rate is limited by either the activation

state, quantity and kinetic properties of Rubisco (A.) or
RuBP regeneration in the Calvin cycle (A)):

r= . — 7|
G+ K -(1+9) G
J-G r

It was assumed that the kinetic properties of Rubisco
(K¢, Ko, and I'* which depend on the specificity factor of
the Rubisco for CO, and O,) were constant between ge-
notypes and growth temperatures (Bernacchi et al. 2001;
Harley et al. 1992; Sharkey et al. 2007).

C; was calculated from measured C, and leaf tempera-
ture by coupling the semi-empirical stomatal conduc-
tance model proposed by Ball et al. (1987) to the
Farquhar model. R4 was calculated from measured val-
ues of dark respiration at 25 °C (R4*>*) and an Arrhenius
function accounting for its temperature dependence.
The set of gas exchange parameters estimated by
Louarn et al. (2015) was used.

For each genotype and Tgowih, the photosynthetic
parameters and their temperature dependencies were
used to examine the relationship between changes in
the A4oo response to temperature and changes in pa-
rameter values. First of all, simulations were per-
formed using the parameters actually measured in
each situation. Then, three series of simulations were
conducted to assess the sensitivity of T, and the
overall temperature response shape to photosynthetic
parameters: (i) assuming a constant ratio between
Jmax?> and Vemax?®, (ii) assuming unchanged tempera-
ture dependencies for V¢max and Jmax and (iii) assum-
ing both a constant ratio and unchanged temperature
dependencies.

Statistical analyses

Statistical analyses were performed using R software (R
Development Core Team 2005). Analyses of variance
(ANOVA, aov procedure) were used to test for significant
differences between means and assess effects of tem-
perature treatments and genotype on the values of leaf
traits (Lgreq, SLA and N,), assimilation rates (A,002°) and
photosynthetic parameters (Vemax and Jmax). Multiple
comparison tests were performed using the LSD proce-
dure. Linear regression lines were fitted to the data using
the Im procedure. Linear relationships were tested be-
tween observed and predicted A4oo and T values and
were compared with the theoretical 1:1 line. In addition,
the model error (RMSE) and bias (Bias) were calculated
as follow:
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Results

Impact of growth temperature on leaf growth and
leaf nitrogen content

The impacts of growth temperature (Tgowtn) 0N final leaf
size (Lgrea), SLA and leaf nitrogen content (N,) are pre-
sented in Figure 1. Growth temperature significantly af-
fected the three leaf traits studied (ANOVA, Fg42>5.9,
P<1073) in both seedling (Fig. 1) and cutting (not
shown) plants. The final leaf size was highest at interme-
diate Tgrowtn (20 and 25 °C) and was smaller at both ends
of the temperature range tested (5 and 35 °C). SLA was
also maximum at a moderate Tgrowih (20-30 °C). The re-
duction in SLA due to low Tgrowth (5 and 10 °C) appeared
to be greater than that observed at high temperatures
(35 °C) within the range tested. Concerning the nitrogen
content, N, patterns mirrored the pattern observed for
SLA. N was lowest at a moderate Tgrowin (15-30 °C) and
maximum at extreme Tgrowin Values (5, 10 and 35 °C).
ANOVA analyses did not demonstrate any significant dif-
ferences regarding the origins of the plants in terms of
Larea and SLA (ANOVA, F; g5<29.0, P> 0.2), but were sig-
nificant for Nq (ANOVA, F1 g5=17.7, P < 0.05).

At a Tgrowth of 35 °C, symptoms of thermal stress be-
came apparent in the form of heat-bleached leaves on
some plants from the Mediterranean cultivars, but never
on plants from temperate cultivars (see [Supporting
Information Figure 1]). These symptoms occurred at a
frequency of about 30% in the Barmed cv. and were ob-
served onthe 7_7 clone.

Impact of growth temperature on the net
assimilation rate at 25 °C

The impact of growth temperature on the net rate of
light saturated photosynthesis measured under stan-
dard conditions (i.e. at a leaf temperature of 25 °C,
A400%°) is presented in Figure 2. A significant effect of
Tgrowth ON A400° was observed in both seedlings and cut-
tings from temperate and Mediterranean origins
(ANOVA, Fg 4, >6.1, P < 10 3). A40°° remained relatively
constant over a broad range of Tgowin between 10 and
30 °C. However, a drop at extreme Tgonth Values (5 and
35 °C) was observed for both alfalfa cultivars and cut-
tings. The different plant materials displayed similar re-
sponse patterns, but with slight differences between
seedlings and cuttings. In either plant materials,
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N
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[T
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o £
- 0O
E N
£
[T
©
[}
=
.S —
©
[ el
- X
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£ E
QO ~
[}
Q.
(72}
b a a —8— Mediterranean seedlings
o 35 1 —O— Temperate seedlings
c b
g 307
—
cq
g e 25
° o
£ 207
[T
& 157
-l
1.0

5 10 15 20 25 30 35
Growth temperature (°C)

Figure 1. Impact of growth temperature on the final leaf size, SLA

and leaf nitrogen concentration of two alfalfa cultivars of temper-

ate (open circles, Harpe cv) and Mediterranean (filled circles,

Barmed cv) origins. Leaves were all sampled on the main stem be-

tween node ranks 8 and 9. The letters indicate homogeneous

groups of means between the different growth temperatures
(Fisher’s LSD test). No significant cultivar effect was found.

Mediterranean and temperate origins did not affect
As400>° between 5 and 30 °C (ANOVA, Fie9<1.5, P >
0.21). Mediterranean plants displayed a decreased pho-
tosynthetic capacity at the 35 °C growth temperature (P
< 0.02).

Acclimation of net assimilation to growth
temperature

The responses of A,qo to leaf temperature are presented at
the different growth temperatures in Figure 3. A clear shift
in the temperature responses of photosynthesis was ob-
served as a function of Tgrowth, affecting both the optimal
temperature (Top) and the net assimilation rate at T,
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Net assimilation rate
in standard condition
(vmol CO,.m2s™)

—e— Mediterranean seedlings

—A— Mediterranean cuttings
0t1—o— Temperate seedlings

[~ —&— Temperate cuttings

5 10 15 20 25 30 355 10 15 20 25 30 35
Growth temperature (°C)
Figure 2. Impact of growth temperature on the net rate of light-saturated photosynthesis measured at 25°C and 400 ppm CO, (A400>°) on
seedlings (a) and cuttings (b) of alfalfa of Mediterranean (filled symbols) and temperate (open symbols) origins. Measurements were per-

formed on the youngest mature leaf of the main stem at the end of the experiment (i.e. node ranks 8-9 for seedlings and 12-16 for clones).
The letters indicate homogeneous groups of means between the different growth temperatures (Fisher’s LSD test).
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Leaf temperature (°C)

Figure 3. Temperature responses of the net assimilation rate at ambient CO; (A4o0) for growth temperatures of 5°C (a), 10°C (b), 20°C (c),
25°C (d), 30°C (e) and 35°C (f). Data are presented for two alfalfa cuttings of Mediterranean (filled triangles, 7_7 cutting) and temperate
(open triangles, G3 cutting) origins. Lines represent fits of Equation (1). Each point is the average of measurements on three to four mature

leaves (node ranks 12-16).

(A400°™"). Over the whole range of growth temperatures,
Topt (as determined by fitting a beta function, Equation 1)
rose regularly from about 18 °C (for leaves grown at 5 °C)
to 35 °C (for leaves grown at 35 °C). An acclimation of the
response curve thus occurred in the two genotypes studied,
which tended to maximize photosynthetic rates within a
temperature range close to the growth temperature.
However, A,0°™ did not remain constant in response to
temperature (ANOVA, Fs5 13 > 7.3,P < 10~2). The maximum
rate peaked for leaves grown at 25 °C and was significantly
reduced with Tgowth below 15 °C and above 30 °C. A
marked difference in the maximum rates of the two geno-
types was observed at a Tgrowth Of 35 °C, but not with the
other Tyrowtn. Significant differences were also observed be-
tween the two genotypes relative to photosynthetic rates
at high Tieqf (42 °C), the Mediterranean genotype displaying
an accentuated decrease at 10, 25 and 30 °C Tgowh

(ANOVA, F110>4.2, P<0.05). This resulted in slightly al-
tered shapes of the response curves.

Impact of growth temperature on photosynthetic
parameters and their responses to leaf
temperature

The photosynthetic parameters determined under stan-
dard conditions are presented in Figure 4 at the different
growth temperatures. The Vime> and Jmax?> parame-
ters were significantly affected by Tgowin (ANOVA,
Fs12>15.9,P < 1073). Vemax”~ values remained constant
between 10 and 30 °C, but were lower at 5 and 35 °C.
The values of Jma’>, on the other hand, decreased be-
tween 10 and 30 °C and presented a relatively more lim-
ited drop at 5 °C. Overall, the Jmax>/Vemax 2> ratio fell
regularly for leaves grown at between 5 and 35 °C (Fig.
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Figure 4. Impact of growth temperature on the maximum cata-
lytic rate of Rubisco (Vcmax?>, @), the maximum electron transport
rate Umax>, b) and their ratio (¢, Jmax>>/Vemax>") for two alfalfa ge-
notypes of Mediterranean (filled triangles, 7_7) and temperate
(open triangles, G3) origins. The letters indicate homogeneous

groups of means between the different growth temperatures
(Fisher’s LSD test).

4c). No significant differences between genotypes from
temperate and Mediterranean origins were observed
(ANOVA, F=1.4, P > 0.29), except at 35 °C where the de-
clines in both Vemax?® and Jinax> Were more pronounced
in the Mediterranean genotype (heat-bleached leaves).
At each Tgrowth, the dependencies of photosynthetic
parameters on leaf temperature were also determined.
The parameters of these response curves are summa-
rized in [Supporting Information Table 1]. Figure 5 pre-
sents three examples of these curves at contrasting

25

cmax

chax / v

10 20 30 40 10 20 30 40
Leaf temperature (°C)

Figure 5. Temperature dependencies of the maximum rate of
Rubisco carboxylation (Vcmax, @ and b) and maximum electron
transport rate (Jmax, € and d) of alfalfa leaves grown at different
temperatures. Data are given for two genotypes of Mediterranean
(b-d, 7_7) and temperate (a-c, G3) origins at growth temperatures
of 5°C (open circles), 25°C (grey circles) and 30°C (filled circles).
Normalizations by the rates at 25 °C were performed. The lines rep-
resent fits of either Equations (2) or (3), the parameters of which
are given in [Supporting Information Table 1].

growth temperatures for the two cuttings studied. The
responses of Vemax and Jmex to leaf temperature were
modified by growth temperature in both genotypes. The
magnitude of the normalized responses increased with
the rise in growth temperature for both V¢nex and Jmax-
In addition, changes to the response curves differed be-
tween the temperate and Mediterranean genotypes.
Vemax displayed a typical increasing Arrhenius response
curve (Equation 2) irrespective of Tgrowth in the temperate
genotype, whereas a shift toward an optimum curve
(best fitted by a Johnson function, Equation 3) was ob-
served in the Mediterranean genotype grown at 25 and
30 °C. Similarly, Jnax responses to leaf temperature ap-
peared to be flatter in the Mediterranean genotype at
the highest Tgrowin (25 and 30 °C). The rates did not ex-
ceed 1.7 at these temperatures, while they reached 2 in
the temperate genotype.

Impact of growth temperature on the limiting
step of photosynthesis

The photosynthetic parameters and their responses to
leaf temperature [Supporting Information Table 1]
were used as inputs for the Farquhar model in order to
investigate their respective roles in the acclimation of
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Figure 6. Predicted responses to leaf temperature of the RuBP carboxylation limited (full line, Ac) and the RuBP regeneration limited (dotted
line, A,) assimilation rates at 400 ppm CO, and growth temperatures of 5 °C (a-g), 10°C (b-h), 20 °C (c-i), 25°C (d-j), 30°C (e-k) and 35 °C (f-
1). Data are for two alfalfa genotypes of temperate (a-1, G3) and Mediterranean (g-1, 7_7) origins. Arrows indicate the predicted thermal opti-
mum Heat-bleached leaves (1) were unsuitable to derive Vcmax and Jmax parameters from gas exchange measurements, and therefore no A¢

and A, curves were simulated.

photosynthesis to Tgrowth. When the whole set of mea-
sured parameters was applied, the model proved able to
account for the changes in Ao observed both within
(i.e. different Tieq) and between Ty owih (RMSE < 2 pmol
m~? s~ !, no significant bias; [Supporting Information
Figure 2]). In the two genotypes, the relationship be-
tween observed and predicted A,qo values did not differ
from the 1:1 line (t-value < 1.07, P > 0.3 for the intercept;
t-value > 32.0, P < 103 for a slope equal to 0.95 +
0.05). The limiting steps of photosynthesis associated
with these simulations are presented in Figure 6. As ex-
pected from the response curves of the Vcmax and Jmax
parameters, the temperature dependencies of the as-
similation rates limited by RuBP carboxylation (A.) and
RuUBP regeneration (A,) differed at all growth tempera-
tures. In both temperate and Mediterranean genotypes,
the optimal temperature predicted by the model (arrows,
Fig. 6) increased with rising Tg,owin and was closely re-
lated to observed T, [Supporting Information Figure
6]. Except at 5 °C, Ty was determined by the intersec-
tion of Asgo and Ao, in all the situations studied. At
Topt, Photosynthesis was thus generally co-limited by
RuBP carboxylation and RuBP regeneration. At 5 °C how-
ever, A,oo, Was higher than Ao irrespective of leaf
temperature (about 1.5-fold), and RuBP carboxylation

systematically appeared as the limiting step. Outside the
optimal temperature range, the limiting step of photo-
synthesis also changed as a function of Tyowih. Under
cold growing conditions (i.e. below 10 °C), A4oo, fully ex-
plained the temperature dependency. In contrast, at
warmer Tgrowth, Asoo,c generally appeared to be the limit-
ing step above T, Whereas A,go, limited assimilation
below Tqp:.

Furthermore, a sensitivity analysis was carried out to
assess the role of different parameters in acclimation of
the A,o0 response to temperature. The respective im-
pacts of the plasticity of the Jmax>/Vemax 2 ratio and of
changes to the temperature dependencies of Jqx and
Vemax Were examined [Supporting Information Figure
3]. Simulations which did not account for modulation of
the Jrmax”/Vemax>> ratio (only considering the acclimation
of temperature dependencies) showed a much narrower
variation in T,y between growth temperatures (ranging
from 25 to 32 °C) than that actually observed. In con-
trast, considering changes in the Jyax>/Vemax>" ratio
only (unchanged temperature dependencies) led to an
accurate prediction of the acclimation of T, (ranging
from 20 to 32 °C), but to more inaccurate simulations of
the photosynthetic rates at extreme temperatures (as re-
flected by the significant increase in RMSE). Under these
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Figure 7. Impact of growth temperature on the optimal tempera-
ture of net assimilation rate measured at 400 ppm for two alfalfa
genotypes of Mediterranean (filled triangles, 7_7 cutting) and tem-
perate (open triangles, G3 cutting) origins. A linear relationship
was fitted for each clone and is represented by a dashed line for
Mediterranean and a full line for temperate materials. No signifi-
cant difference was observed between clones. The regression line
found across Cs species by Yamori et al. (2014) is also represented
(dotted line).

assumptions, photosynthesis did not decrease as much
as expected above 35 °C leaf temperatures for Tgrowin
such as 25 or 30 °C. Accounting for both processes was
necessary to minimize model errors over the broad range
of situations studied.

Discussion

Acclimation of the thermal optimum of net
photosynthesis occurred over a broad range of
growing temperatures irrespective of temperate
and Mediterranean origins

Shifts in the optimal temperature of light saturated pho-
tosynthesis (Topt) as a function of growth temperature
have been reported in a number of C3 species (e.g. Bunce
2000; Mooney 1980; Yamasaki et al. 2002; Yamori et al.
2005) and are central to the thermal acclimation of CO,
assimilation (Yamori et al. 2014). A significant plasticity
of Tope was also characterized for alfalfa during our ex-
periments, increasing from about 18 °C for leaves grown
at 5-32 °C for leaves grown at 35 °C. Acclimation to low
and high temperatures were both covered by this range
of conditions. Remarkably, the plasticity of T, observed
in alfalfa alone matched the range of T, shifts reported
by Yamori et al. (2014) across a set of contrasting C3 spe-
cies (Fig. 7). The average shift in T, was about 0.48 °C
for each 1 °C increase in Tgrouth in both temperate and
Mediterranean alfalfa cultivars (no significant genotype
effect; y=0.48*x+ 17.4, r*=0.85, for the common re-
gression line), as compared with 0.49 °C~! on average
across C3 species (Yamori et al. 2014). Whether this high

degree of T,y acclimation is related to the broad geo-
graphic distribution of alfalfa and its perennial growth, or
whether it is a more general feature of temperate C; spe-
cies, still needs to be tested. However, during this study,
the same range of T, variations was observed for both
of the genotypes studied, irrespective of their origin. No
significant difference was found in the Top-Tgrowtn rela-
tionship, suggesting that the ability of a genotype to shift
Topt towards actual growth conditions did not necessarily
depend upon the environment in which it was selected.
Similarly, Pearcy (1977) and Mooney (1980) found identi-
cal Tope variations in clones of Atriplex lentiformis and
Heliotropum carassivicum collected from contrasting
cool coastal and desert habitats. However, these findings
differed from those of several other studies which re-
ported differences in the acclimation potential of popula-
tions occupying ecological niches with dissimilar thermal
regimes (Berry and Bjorkman 1980; Ishikawa et al. 2007).

The reasons for variations in T, as a function of
growth temperature had previously been analyzed us-
ing the biochemical model developed by Farquhar et al.
(1980), which assumes that the photosynthetic rate
may be limited by either RuBP carboxylation by the
Rubisco (A.) or by RuBP regeneration (A,). Inter-specific
differences have been shown in the limiting step of net
assimilation at Tope. Yamori et al. (2010) suggested that
C; plant species could belong to one of three catego-
ries: net assimilation limited at Tope by Ac (i), by A, (i) or
co-limited and determined by the intersection of A. and
A, (iii). Our results showed that alfalfa belonged to the
co-limitation group in all cases, except at 5 °C Tgrowth
(Ac group). This behaviour was consistent with other
cold tolerant temperate species such as wheat, rye or
faba bean (Yamori et al. 2010). In the case where Ty is
determined by the co-limitation of A. and A,, the opti-
mum temperature of net assimilation can shift through
changes in the temperature dependencies of each par-
tial reaction, and also simply because of changes to the
balance between A. and A,, even if their temperature
response does not change (Farquhar and Von
Caemmerer 1982). In our study, both contributed to the
observed shifts in alfalfa. The temperature dependen-
cies of Vemax and Jmax Were modified in the two geno-
types studied as a function of growth temperature,
resulting in shifts of A. and A,. Similarly, the Jmax>>/
Vemax’” ratio decreased regularly in leaves grown at be-
tween 5 and 35 °C. However, sensitivity analysis re-
vealed that the Jmax?>/Vemax’" ratio had the strongest
impact in determining Top: [Supporting Information
Figure 3]. Changes to the Jimax>>/Vemax>" ratio have also
been found to be the variable which correlates best to
shifts in Topr among different species (Onoda et al.
2005; Yamori et al. 2010).
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The increase in this ratio at low temperatures had pre-
viously been associated with elevated concentrations of
enzymes involved in the capacity of the Calvin cycle and
thylakoid reactions to regenerate RuBP (Antolin et al
2005; Berry and Bjorkman 1980) or decreased invest-
ment in Calvin Cycle capacity. For instance, Ishikawa
et al. (2007) reported an increased ratio between
fructose-1,6-biphosphatase and Rubisco contents in
Plantago asiatica genotypes able to adapt their Top: at
low temperatures. In our study, the Jmax>"/Vemax-- ratio
in the two genotypes displayed the same response to
temperature. A significant plasticity of nitrogen partition-
ing in the photosynthetic apparatus was thus observed
irrespective of the origin of genotypes, which might ex-
plain why the same range of T, variations was
observed.

Homeostasis of light-saturated photosynthesis
occurred within a narrower range of growing
temperatures

Changes to Tgrowth NOt only modified nitrogen partition-
ing in the photosynthetic apparatus but also dramati-
cally altered leaf growth, leaf structure (as reflected by
SLA) and the leaf nitrogen content. Despite these growth
modifications, an apparent homeostasis of light satu-
rated net photosynthesis (A400°°) was observed within a
broad range of temperatures from 10 to 30 °C, irrespec-
tive of the origin of the cultivars. This temperature ho-
meostasis of photosynthesis may play an important role
in the ability of alfalfa to grow successfully in habitats
with contrasting temperature regimes, and to adapt to
changes in temperatures over its extended growing sea-
son (Berry and Bjorkman 1980). Yamori et al. (2014) in-
deed indicated that perennial herbaceous species
generally display greater temperature homeostasis of
photosynthesis than deciduous woody and annual her-
baceous species.

The calculation of photosynthetic nitrogen use effi-
ciency (PNUE) at each growth temperature suggested
that these growth modifications could be adaptive.
Indeed, PNUE values peaked at intermediate tempera-
tures (25 °C), falling steadily on either side of the curve
[Supporting Information Figure 4]. The photosynthetic
capacity per unit of leaf nitrogen was thus not constant
and was reduced under high and low growth tempera-
tures. Modifications to CO, diffusion, nitrogen allocation
between photosynthetic and non-photosynthetic nitrog-
enous compounds, and the kinetics of photosynthetic
enzymes could be three possible reasons for these re-
ductions in PNUE (Field and Mooney 1986; Hikosaka
2004; Reich et al. 1998). By modifying the structure of
leaves, and increasing their nitrogen content at high and

low growth temperatures, alfalfa developed responses
which contributed to maintaining high rates of net as-
similation per unit of leaf area. However, at the most ex-
treme temperatures (5 and 35 °C), these structural
acclimations were not enough to compensate for the im-
portant drop in PNUE values, causing significant reduc-
tions in App2°. The same decrease was seen to affect
A40o° (Fig. 3) [Supporting Information Figure 4]. This
suggests that, at least in alfalfa, adaptive acclimation
may occur within a much narrower range of growth tem-
peratures (10-30 °C) than that within which T, may
shift (5-35 °C in this study).

Thermal stresses irreversibly disrupting the integrity
of the photosynthetic apparatus most likely reduced
maximal photosynthesis at the two extreme growth
temperatures (Berry and Bjorkman 1980). Although not
characterized, the reduction in net assimilation seen
below 10 °C might be related to photo-inhibition
(Jones and Kok 1966a,b; Louarn et al. 2008). This hy-
pothesis is consistent with the high Jmax?>/Vemax>> ratio
observed at these temperatures, where A. was shown
to be the limiting factor of CO, assimilation. Over-
investment in the electron transport chain may indeed
provide protection against photo-oxidative damage
(Hikosaka 2005). No difference in response was found
between the two genotypes with respect to this stress.
On the other hand, at high growth temperatures, a
drop in the net assimilation rate was seen in both ge-
notypes, but was dramatically more pronounced in the
Mediterranean cuttings. Symptoms of thermal stress
were apparent in the form of heat-bleached leaves in
the Mediterranean material [Supporting Information
Figure 1] (Feierabend and Mikus 1977; Smillie et al.
1978). The stress only affected new leaves that
emerged after the transfer at 35 °C, and resulted in
leaves lacking chlorophylls (as assessed by chlorophyll
chromatography, not shown). All the 7_7 cuttings and
about 30% of the plants in the Barmed cultivar were af-
fected. McKenzie et al. (1988) had previously noticed
that a genetic variability existed in alfalfa concerning
heat-induced reductions in maximal photosynthesis.

Temperate and Mediterranean genotypes differed
in their tolerance to high temperatures

Except at the stressful growth temperature of 35 °C, the
temperate and Mediterranean genotypes did not differ in
terms of their A,p0%> or A4uo°P. However, at high leaf
temperatures (42 °C), the photosynthetic rate was al-
most always lower in the Mediterranean genotype (10,
25 and 30 °C Tyrowtn). Leaves showing no apparent signs
of thermal stress, and with similar maximal photosyn-
thesis, thus displayed different temperature responses in
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terms of net photosynthesis. These differences were
linked to those in the acclimation of temperature depen-
dencies of the photosynthetic parameters V mqx and
Jmax @s a function of Tgrowtn (Fig. 5). They were modified
in both genotypes, but these changes differed in nature.
In the temperate genotype, Vcmax cOnserved a typical,
rising Arrhenius response curve irrespective of growth
temperature, while responses decreasing at high leaf
temperatures were observed in the Mediterranean geno-
type. Such decreases in V max at high leaf temperatures
had previously been reported in several species (Sage
et al. 2008; Yamori et al. 2006, 2012). They were associ-
ated with reversible changes in the activation state of
the Rubisco induced by high leaf temperatures, with
gradual de-activation occurring under moderate heat
stresses (Salvucci and Crafts-Brandner 2004; Yamori
et al. 2012). This V¢maex reduction resulted primarily from
a reduction in the activity of Rubisco activase (Kumar
et al. 2009; Kurek et al. 2007; Sage et al. 2008), rather
than from a reduction of Rubisco catalytic activity
(Galmés et al. 2014, 2015). The difference between the
two genotypes might also have resulted from their vary-
ing abilities to produce heat-shock proteins, affording
better protection of the various components of the pho-
tosynthetic apparatus in temperate genotype (Burke
2001). Overall, these biochemical responses resulted in
net assimilation rates that were more limited at high leaf
temperatures in the Mediterranean genotype, because of
depreciated A values.

Given the thermal differences in their original habitats,
the greater sensitivity of the Mediterranean material to
high temperatures had not necessarily been anticipated.
Whether this genetic variability was circumstantial (sam-
pling effect), or whether it had some ecological signifi-
cance and was indicative of adaptation to local conditions,
now needs to be confirmed. However, the evidence of a
greater sensitivity of Mediterranean plants was consistent
in the two types of plant material tested (seedlings from
the Barmed cv. and a clone selected from the Demnate
cv.). Observations in the same genotype of a greater ther-
mal sensitivity of the Rubisco in response to short-term
heat exposure, and of more severe damage in response to
prolonged heat stress (heat bleaching), were also coherent
with a niche differentiation. One possible explanation for
this counter-intuitive result is that many species from the
Mediterranean basin, even herbaceous perennials, actually
develop stress avoidance rather than stress tolerance
strategies, and are dormant or non-productive during pe-
riods of high temperatures in the summer (Volaire et al.
2009, 2014). Typical Mediterranean plants are thus
adapted to growing during the cooler seasons rather than
to maintaining active photosynthesis during heat waves
(MacColl and Cooper 1967).

Conclusions

To conclude, a significant intra-specific variability was
found in terms of the thermal acclimation of photosyn-
thesis in alfalfa. Within the non-stressful range of growth
temperatures, this was ascribed to changes in the tem-
perature dependence of the maximum rate of Rubisco
carboxylation rather than to differences in nitrogen parti-
tioning within the photosynthetic apparatus, as reported
previously (Hikosaka 2005; Ishikawa et al. 2007). This re-
sulted in differentiated responses of net photosynthesis
at high leaf temperatures, but not in different maximal
photosynthetic rates, rates at 25 °C or shifts of optimal
temperature. The response of the Mediterranean geno-
types tested was consistent with a strategy of thermal
stress avoidance, so they do not seem suitable to be
used as a genetic resource for breeding to improve the
thermal tolerance of photosynthesis. On the other hand,
room for improvement exists to increase the summer
photosynthesis of southern varieties.
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Sup. Fig. 2. Comparison of measured and simulated net
assimilation rates for alfalfa leaves from the two tem-
perate and Mediterranean cuttings studied.

Sup. Fig. 3. Predicted responses to leaf temperature of
the RuBP carboxylation limited and the RuBP regenera-
tion limited assimilation rates at growth temperatures
ranging from 5°C to 35°C under three scenarios: i) using
photosynthetic parameters actually measured ii) assum-
ing a constant Jmax>>/ Vemax®: ratio across growth tem-
peratures or iii) assuming unchanged temperature
dependencies across growth temperatures.

Sup. Fig. 4. Impact of growth temperature on the
Photosynthetic Nitrogen Use Efficiency (PNUE) of alfalfa
leaves on two genotypes from Mediterranean and tem-
perate origins.

Sup. Fig. 5. Impact of growth temperature on the maxi-
mal light-saturated photosynthesis at optimal tempera-
ture for two genotypes from Mediterranean and
temperate origins.

Sup. Fig. 6. Relationship between observed and predicted
optimal temperatures.

Sup. Table 1. Parameters for temperature dependencies
of the maximum rate of Rubisco carboxylation (Vemax)
and the maximum electron transport rate (Jyqx) for each
growth temperature.
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Appendix 1

Table Al. Abbreviations of all the variables, parameters and symbols used

A pmol CO, m~2s71 Net photosynthetic rate

Asoo umol CO, m2s? Net photosynthetic rate at 400 ppm CO,

Aqoo®® pmol CO, m™2s7! Net photosynthetic rate at 400 ppm CO, and 25 °C leaf temperature
Aot pumol CO, m 257! Net photosynthetic rate at 400 ppm CO, and leaf at the growth temperature
Auoo®™" pmol CO, m~2s7! Net photosynthetic rate at 400 ppm CO, and thermal optimum
Ac pumol CO, m~2s7? Rubisco-limited rate of carboxylation

A, pmol CO, m~2s71 Electron transport-limited rate of carboxylation

Cq ppm Ambient CO, partial pressure

G ppm Intercellular CO, partial pressure

AHq Jmol™? Enthalpy of activation

AHq Jmol™! Enthalpy of de-activation

Jrnax pmolm—2s~1 Maximum electron transport rate

K. pmol mol~? Michaelis-Menten constant for CO,

Ko mmol mol~? Michaelis-Menten constant for O,

Larea cm? Final leaf area

Nq gm? Amount of nitrogen per unit leaf area

(0] KPa Oxygen partial pressure

p?> pmolm—2s~1 Value of Vemax OF Jmax at 25 °C

PNUE pmol CO, gN~ts™? Photosynthetic nitrogen use efficiency

PPFD pmol photon m=2s71 Photosynthetic photon flux density

r* pmol mol~? CO, compensation point in the absence of dark respiration

R KJmol 1K Universal gas constant for perfect gases

Ry pmolm=2s71 Mitochondrial respiration

Continued
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RuBP - Ribulose-1,5-biphosphate

AS JmoltK™? Entropy term

SLA cm?g Specific leaf area

Tgrowth °C Growth temperature

Tieaf °C Leaf temperature

Trmax °C Maximum temperature of a process
Tonin °C Minimum temperature of a process

Topt °C Thermal optimum of photosynthesis
Vermax pmolm—2s7! Maximum rate of Rubisco carboxylation

VPD kPa Vapour pressure deficit
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