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Abstract Steady-state rates of leaf CO2 assimilation (A) in

response to incubation temperature (T) are often symmet-

rical around an optimum temperature. A/T curves of C3

plants can thus be fitted to a modified Arrhenius equation,

where the activation energy of A close to a low reference

temperature is strongly correlated with the dynamic change

of activation energy to increasing incubation temperature.

We tested how [CO2]\ current atmospheric levels and

saturating light, or [CO2] at 800 lmol mol-1 and variable

light affect parameters that describe A/T curves, and how

these parameters are related to known properties of tem-

perature-dependent thylakoid electron transport. Variation

of light intensity and substomatal [CO2] had no influence

on the symmetry of A/T curves, but significantly affected

their breadth. Thermodynamic and kinetic (physiological)

factors responsible for (i) the curvature in Arrhenius plots

and (ii) the correlation between parameters of a modified

Arrhenius equation are discussed. We argue that the shape

of A/T curves cannot satisfactorily be explained via clas-

sical concepts assuming temperature-dependent shifts

between rate-limiting processes. Instead the present results

indicate that any given A/T curve appears to reflect a dis-

tinct flux mode, set by the balance between linear and

cyclic electron transport, and emerging from the anabolic

demand for ATP relative to that for NADPH.

Keywords Temperature response � Non-linear Arrhenius
plot � Cyclic electron flow � Photorespiration

Abbreviations

Aref Net photosynthesis at the reference

temperature

Aopt Peak rates of net photosynthesis at optimum

temperature

Tref Low reference temperature (294 K in the

present study)

Topt Optimum temperature

EoA Activation energy of A at some (unspecified)

incubation temperature

Eo(RefA) Activation energy of A infinitesimally close

to (or ‘at’) the reference temperature

dA Dynamic response of EoA to changes in

incubation temperature

ETR Linear electron transport rate

Eo(RefETR) Activation energy of ETR at the reference

temperature

dETR Dynamic response of EoETR to changes in

incubation temperature

ca Applied CO2 concentration during

measurements

ci Intercellular [CO2], UPSII, photochemical

efficiency of PS II of light-adapted leaves

(‘operating efficiency’)

CEF Cyclic electron flow around PS I
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Introduction

The instantaneous temperature response of leaf CO2

assimilation (A) measured under ambient atmospheric CO2

and stable light interception can be described by a bell-

shaped optimum curve, provided that sufficient time is

given to allow Calvin cycle activity to equilibrate to

respective incubation temperatures (T) (Berry and Björk-

man 1980; Battaglia et al. 1996). In the face of climate

change and expected temperature increases within the

twenty-first century, there is renewed interest in instanta-

neous A/T responses and the information that can be

obtained thereof (Smith and Dukes 2013). A/T responses

are a viable tool to probe a species’ acclimation potential to

growth temperature alteration (Way and Yamori 2014; see

companion study Kruse et al. 2016). However, we pre-

sently lack a comprehensive mechanistic understanding of

the processes that cause variation in the shape of observed

temperature responses. Declining rates of net photosyn-

thesis above the optimum temperature (Topt), for example,

have traditionally been interpreted in terms of shifts

between rate-limiting processes, i.e., between the rate of

carboxylation (AC) and that of ribulose bisphosphate

regeneration (AJ)(Farquhar et al. 1980). To date, it has not

been possible to unequivocally identify the process that

limits net photosynthesis above Topt (see references in

Kruse et al. 2016). The notional concept that distinguishes

between two (or three, if triosephosphate utilization is

included) potential biochemical limitations is well suited to

interpret the response of A to intercellular CO2 availability

(ci), and to infer fundamental information about the bio-

chemical capacity of C3 photosynthesis (i.e., Vcmax and

Jmax), but may not help advance our mechanistic under-

standing of photosynthetic temperature responses. This is

partly because identification of putative biochemical limi-

tations of A across a range of incubation temperatures can

be confounded by diffusional limitations, i.e., restricted

CO2 transfer to chloroplasts (Lin et al. 2012). It is probably

for these reasons that measurements of A/ci responses are

much more common than those of A/T responses.

Nonetheless, we recently showed that application of a

modified Arrhenius equation can help further elucidation of

physiological mechanisms underlying photosynthetic tem-

perature responses (Kruse et al. 2016).

Data obtained via A/T responses can be fitted to a

modified Arrhenius equation, provided incubation tem-

peratures do not exceed those to which plants are accli-

mated or adapted (Kruse et al. 2016):

ln A ¼ ln Aref þ
EoðRefAÞ

< � T � Tref

T � Tref
þ dA �

T � Tref

T � Tref

� �2

;

ð1Þ

where ln A is the logarithmic rate of CO2 assimilation

(lmol m-2 s-1), T is the incubation temperature (K), < is

the universal gas constant, ln Aref is the (logarithmic)

assimilation rate at the reference temperature (Tref), Eo

(RefA) is the activation energy of CO2 assimilation close to

the reference temperature (kJ mol-1), and dA (kK2)

describes the temperature sensitivity of EoA.

Temperature responses of steady-state rates of CO2

assimilation have noteworthy features. First, activation

energy of overall net CO2 assimilation (i.e., EoA) within

any (infinitesimally small) temperature interval of the A/T

curve can be derived as:

dy

dx
¼ EoðRefAÞ

< þ 2dA � x; ð2Þ

where y ¼ ln A and x ¼ T�Tref
T�Tref

(see Eq. 1). Individual A/

T curves greatly vary and can either be rather flat (with

little temperature sensitivity of EoA or small dA), or show
pronounced curvature (or large dA)—depending on species

and growth conditions (i.e., Yamori et al. 2005, Gunderson

et al. 2010, von Caemmerer and Evans 2015). Strikingly,

parameter values for Eo(RefA) and dA (see Eq. 2), obtained

from a large diversity of A/T curves, are strongly correlated

(Kruse et al. 2016).

A second feature of A/T curves is related to their

apparent symmetry:

d2y

dx2
¼ 2� dA ¼ constant ð3Þ

For any individual A/T curve, the decline of EoA with

increasing T is constant (Kruse et al. 2016). A/T curves do

not show an inflection point within the range of ‘moderate’

incubation temperatures (e.g., between 15 and 40 �C).
Temperature-dependent increases in steady-state rates of

CO2 assimilation up to a thermal optimum (Topt), are

similar in most respects to the decline above Topt. This is a

rather surprising result, since increased leaf temperature is

usually argued to increase rates of photorespiration. The

affinity of Rubisco for CO2 and O2 also changes with

temperature, favoring oxygenation of Ribulose-1,5-P2 at

greater T (Berry and Björkman 1980; Harley et al. 1985).

Additionally, temperature-dependent changes in solubility

of gaseous substrates might, at greater T, decrease the

availability of CO2 relative to that of O2 at the active site of

Rubisco (Siedow and Day 2000).

Despite these temperature-dependent processes, sym-

metric responses to changing incubation temperature have

also been reported for thylakoid electron transport. June

et al. (2004) estimated the temperature dependency of

linear electron transport from that of PSII quantum yield

(UPSII) via fluorescence measurements. They conducted

measurements at 1250 ppm CO2, in order to minimize

photorespiration and limitation of A by Rubisco activity,

44 Photosynth Res (2016) 129:43–58

123



and 1200 lmol quanta m-2 s-1. Temperature scans of

UPSII can be obtained quickly, taking about 20–25 min to

cover a temperature range from 15 to 43 �C. The temper-

ature response of electron transport in intact soybean leaves

could be described as (June et al. 2004):

J TLð Þ ¼ J TOð Þ � e�
TL�TO

Xð Þ2 ; ð4Þ

where TL is the leaf temperature (�C), J(To) is the rate of

electron transport at the optimum temperature To, and X is

the difference in temperature from To at which J falls to

e-1 (=0.37) of its value at To. This equation describes a

range of temperature dependencies of J, as reported in the

literature (see references in June et al. 2004). Equally

important, the decline of J above Topt seems fully rever-

sible. Irreversible deactivation of PSII, depends on species

and growth conditions, but T 43–45 �C is often described

as deleterious for plants on this basis (Seemann et al. 1984;

Zhang and Sharkey 2009; Hüve et al. 2011).

In the present study, we analyzed the temperature

dependencies of steady-state CO2 assimilation and thy-

lakoid electron transport between 22 and 41 �C leaf tem-

perature of Date palm (Phoenix dactylifera). Our first

objective was to test if measurements conducted at satu-

rating light and ca\ ambient (between 380 and

80 lmol mol-1), i.e., conditions that should progressively

increase photorespiration, changed the symmetry of A/

T curves and/or the correlation between Eo(RefA) and dA.
Secondly, in order to assess the influence of light intensity

on the parameters that describe the A/T curve, we measured

temperature responses at ca ambient (800 lmol mol-1) and

variable light (between 20 and 1500 lmol quanta

m-2 s-1), i.e., conditions that tend to limit A via electron

transport at low irradiance or via limited capacity of

Ribulose-1,5-P2 regeneration at high irradiance. Our sec-

ond set of experiments was augmented with measurements

of temperature-dependent electron transport (fitted with

Eq. 1), in order to compare parameters of A/T curves with

those obtained for thylakoid electron transport. Our general

aim was to elucidate regulation of CO2 assimilation under

steady-state conditions.

Materials and methods

Plant material and growth conditions

Two-year-old seedlings of Date palm (Phoenix dactilyfera)

were purchased from a commercial supplier (‘Der Pal-

menmann’, Bottrop, Germany). Eight or eleven months

before the start of respective experiments, plants were

repotted (2 liter pots; peat–sand–perlite mixture, 20:30:50

(vol%); 15 g of NPK fertilizer per pot), grown under

greenhouse conditions (15–25 �C, 60–70 % rH) and irri-

gated twice per week (c. 500 ml per pot). The two sets of

experiments were conducted in January and April 2014,

respectively, using different sets of plant material. For each

experiment, five plants were transferred from the green-

house to a climate-controlled growth chamber (Heraeus,

Vötsch, Germany). Growth temperature was set at 25 �C
during the light period and 20 �C during the dark period

(16/8 h), and incident light reached 200 lmol photons

m-2 s-1 at leaf level. Plants were given 2 weeks’ time to

acclimate to growth conditions in the chamber prior to gas

exchange measurements, and continued to be irrigated

twice per week throughout the experiments.

Gas exchange and fluorescence measurements

Temperature responses of CO2 assimilation were deter-

mined via a portable gas exchange measuring system,

equipped with a LED light source combined with PAM

chlorophyll fluorometer (GFS 3000, Walz, Effeltrich,

Germany). Palm leaves were placed into the 8 cm2 cuvette

of the system that was flushed with air at a defined flow rate

of 700 lmol s-1 (13,000 ppm H2O in incoming air).

Temperature responses were determined in seven 3 �C
steps, ranging from 21 to 39 �C cuvette temperature (ac-

curacy ±0.1 �C). Leaf temperature was determined via a

thermocouple touching the lower leaf surface (accuracy

±0.2 �C), and was 1.3–2.4� greater than surrounding air

temperature, depending on applied [CO2] (ca) or incident

light (photosynthetic photon flux density, PPFD). At the

reference temperature (Tref = 294 K or 21 �C), leaves

were allowed 20 min to equilibrate, before gas exchange

was recorded and averaged over a period of 5 min. After

each subsequent temperature change, plants were given

10 min until steady-state conditions were attained, prior to

recording the 5 min average of gas exchange rates. Hence,

determination of each individual A/T curve took 2 h (first

set of experiments), or 2 h 15 min (second set of

experiments).

In the first set of experiments, temperature responses

were recorded at saturating light intensity (1200 lmol

quanta m-2 s-1), and CO2 concentrations of incoming air

that varied from 80 to 380 lmol mol-1. In the second set

of experiments, temperature responses were recorded at

ca = 800 lmol mol-1 (incoming air), and stable light

intensities varied from 20 to 1500 lmol quanta m-2 s-1.

After stabilization and recording of gas exchange, a pulse

of saturating light was applied (4500 lmol m-2 s-1), to

fully reduce PSII. The fluorescence signals before and

during each flash were detected via PIN photodiode pro-

tected by long-pass filter ([660 nm) (Walz, Effeltrich,

Germany). Photochemical efficiency of PS II (UPSII) of
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light-adapted leaves (‘operating efficiency’) was deter-

mined according to Genty et al. (1989):

/PSII ¼ F0
m � F0� �

=F0
m; ð5Þ

where F0
m is the maximum fluorescence level caused by

the saturating light flash and F0 is the steady-state fluo-

rescence from the light-adapted leaf.

Rates of linear electron transport (ETR) were estimated

as (Schreiber 2004):

J ¼ /PSII � a� 0:5� PPFD; ð6Þ

where a is the total leaf absorbance (assumed to be 0.84;

Baker et al. 2007), and the factor 0.5 describes the expected

distribution of light between the two photosystems. We

note, however, that extended exposure to greater temper-

ature (i.e., 30 min) may reduce the fraction of light utilized

by PSII (Zhang and Sharkey 2009).

Responses of A and ETR to leaf temperature were fitted

with Eq. 1, in order to obtain respective parameter values.

Optimum temperatures of A and ETR were calculated from

the first derivative of Eq. 1 (i.e., according to Eq. 2; compare

Kruse et al. 2016).Ci atTopt andUPSII at Topt were derived via

interpolation between data points enclosing Topt.

Statistical analysis

Statistical analysis was performed with 38–40 temperature

response curves per experiment. In order to analyze the

effects of ci (at Topt), on the correlation between Eo(RefA)

and dA, data were subjected to a General Linear Model

(GLMs; STATISTCA, version 10.0, StatSoft, Inc, Tulsa,

OK, USA). Effect sizes of ci at Topt (factor1) and Eo(RefA)

(factor 2) on the dependent variable, i.e., dA, were esti-

mated from partial g2:

pg
2 ¼ SSfactor

SSfactor þ SSresidual
ð7Þ

In analogous fashion, we tested the influences of light

intensity (factor 1) and Eo(RefA) (factor 2) on dA; the

influence of light intensity and Eo(RefETR) on dETR; and the
influences of light intensity and dETR on dA.

Results

Gas exchange characteristics

Effects of variable ca (at fixed light intensity) and variable

light (at fixed ca) on the temperature response of CO2

assimilation are characterized by significant differences in

stomatal behavior. At variable ca\ ambient, the tempera-

ture dependency of stomatal conductance (gs) followed a

bell-shaped optimum curve (Fig. 1a). Peak rates of gs and

the curvature of the response varied with applied ca (hence

the large standard deviation in Fig. 1a). Conversely, the

temperature response of ci was comparatively stable at

variable ca (Fig. 1b). Application of 800 lmol mol-1 CO2

at variable light and fixed ca led to stomatal closure.

Averaged across different light intensities, stomatal con-

ductance at 800 lmol mol-1 showed little variation with

leaf temperature (Fig. 1a). However, ci steadily declined

from 560 lmol mol-1 at *23 �C to 380 lmol mol-1 at

*41 �C (Fig. 1b).

There was no evidence for an effect of ci (determined at

Topt of A) on the symmetry of A/T curves (Fig. 1c). At

variable ca\ ambient, A/T curves were well described by

Eq. 1, irrespective of ci (average R2 = 0.98). The second

set of experiments produced similar results (R2 = 0.93).

While some individual data points deviated from the line of

best fit, there was no evidence of biological significance of

that variation (sensu Kubo 1985). There was no systematic

or re-occurring deviation at any given incubation

temperature.

In the second set of experiments, photosynthetic effi-

ciency of PSII was recorded in parallel to gas exchange.

UPSII at Topt of A declined from 0.65 at low light intensity

to 0.1 at saturating light, similar to previous reports (Clarke

and Johnson 2001; Hald et al. 2008).

Effects of ci and light intensity on parameters

of the A/T response curve

Within the CO2-limited range of assimilation, Aopt (deter-

mined at Topt) increased linearly with ci (determined at

Topt). This correlation explained 65 % of the observed

variation. Much of the residual variation is likely explained

by differences in Vcmax between different leaves (Fig. 2a).

The symmetry of A/T curves (i.e., dA) was apparently

unrelated to ci at Topt (Fig. 2b). Eo(RefA) and dA were

strongly correlated (R2 = 0.83; Fig. 2c).

At variable light and fixed ca, ETR at Topt (i.e., ETRopt)

increased hyperbolically with increasing light intensity

(Fig. 2d), as reported elsewhere (Tenhunen et al. 1976;

Thornley and Johnson 1990). Light intensity had a signif-

icant effect on dETR. At low light intensities (and low

ETRopt), ETR temperature responses showed little curva-

ture. Curvature became more pronounced as light intensity

increased (Fig. 2e). Eo(RefETR) and dETR were highly

correlated, based on interpreted pairs of parameters

obtained from measurements of different leaves of differ-

ent plants (R2 = 0.95; Fig. 2f).

Effects of light intensity on parameters derived from the

A/T curve were similar to those on parameters of temper-

ature-dependent electron transport (Fig. 2g–i). A major

difference was that high light intensity caused a much

stronger reduction in dA than in dETR (Fig. 2h). The
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correlation between Eo(RefA) and dA was less tight

(R2 = 0.85; Fig. 2i) than that between Eo(RefETR) and

dETR (R2 = 0.95). Slopes and intercepts of correlations

between Eo(RefA) and dA depended on light intensity or

applied ca (compare Fig. 2c with i).

The influence of light intensity and ci

on the correlation between EoATref and dA

Additional influences on the correlation between Eo(RefA)

and dA were analyzed by GLMs (see ‘‘Materials and

methods’’ section). For example, shifts in Topt affect the

intercept of the correlation. Light intensity affected neither

Topt of A nor Topt of ETR (not shown). Light intensity also

had no effect on the correlation between Eo(RefETR) and

dETR (Fig. 3a, b). However light intensity did affect the

correlation between Eo(RefA) and dA (Fig. 3c, d).

Separating additional influences of light intensity on dA via

a GLM (Table 1), revealed a significant impact of light on

the slope of the correlation (compare Fig. 2i with Fig. 3d).

This effect could be attributed to low UPSII under high light

(Fig. 4a), while ci at Topt had no influence on the correla-

tion between Eo(RefA) and dA (Fig. 4b; Table 1). A dif-

ferent picture emerged, when A/T curves were derived at

ca\ ambient. Low ci (at Topt of A) shifted the intercept of

the correlation between Eo(RefA) and dA (Fig. 3e, Table 1;

compare Fig. 3f with Fig. 2c). Hence, differences in slope

and intercept, and ‘unexplained’ variation in the correlation

between Eo(RefA) and dA (Fig. 2c, i), are of significance

and were not related to light- or ci-driven effects on Topt.

The relation between temperature-dependent

electron transport and CO2 assimilation

under contrasting light intensity

Optimum temperatures of thylakoid electron transport and

CO2 assimilation were strongly correlated (Fig. 5a), with

Topt of ETR being systematically greater by 4–5 �C than

Topt of A—similar to previous reports (Niinemets et al.

1999; Medlyn et al. 2002). Peak rates of ETR and A at

respective optimum temperatures were also highly corre-

lated (Fig. 5b). Both temperature responses were

Fig. 1 Gas exchange characteristics of Date Palm trees. In the first

set of experiments (black symbols), gas exchange was conducted at

variable ca ambient (80–380 lmol mol-1) and fixed PPFD

(1200 lmol quanta m-2 s-1). In a second set of experiments (red

symbols), gas exchange was conducted at fixed ca ambient

(800 lmol mol-1) and variable PPFD (20–1500 lmol quanta

m-2 s-1). a Temperature response of stomatal conductance. b Tem-

perature response of substomatal CO2 concentration (ci). Data shown

in A and B are averages ± SD of 38–40 replicates. c Goodness of fit

for individual temperature responses of photosynthesis with a 3

parameter, Arrhenius-type equation, plotted against the ci (at Topt of

A). d Quantum yield of photosystem II (at Topt of A), plotted against

incident radiation in the second set of experiments (ca = 800

lmol mol-1) (quantum yield measurements were only available for

the second set of experiments)
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symmetrical, with similar slopes of increase and decrease

of ETR or A, below and above respective optimum tem-

peratures. However, the relation between dA and dETR was

subject to other influences and departed strongly from a 1:1

line (Fig. 5c). After accounting for effects of light intensity

in a GLM (Table 1), dA was 1.5 times greater than dETR
and the correlation between both variables passed through

the origin (zero intercept; compare Fig. 4e with Fig. 5c).

Increasing light intensity led to an over-proportional

reduction in dA (Fig. 4d), i.e., the reduction was stronger

for dA than for dETR.
The activation energy of CO2 assimilation at fixed ref-

erence temperature (294 K or 21 �C in the present study)

varied with Topt and dA. The correlation between Eo(RefA)

and Eo(RefETR) showed little deviation from the 1:1 line,

because greater dETR (as compared to dA) was offset by

greater Topt of ETR (Fig. 5d). Light intensity had a sig-

nificant additional effect on the correlation, and explained

Fig. 2 Relation between model parameters of temperature-dependent

photosynthesis or electron transport, and substomatal CO2 concen-

tration (ci at Topt of A) or incident light. a Correlation between peak

rates of photosynthesis achieved at the optimum temperature under

saturating light (Aopt), and ci (at Topt of A) within the ‘CO2-limited’

range of photosynthesis. The red data points were derived from

measurements of the same leaf via consecutive measurement of

photosynthetic temperature responses at 380, 300, 250, and 120 ppm

CO2. All other data points were derived from independent temper-

ature responses of differing leaves taken from 5 plants. Each

temperature curve comprised seven 3 �C steps, ranging from 21 to

39 �C. b Temperature sensitivity of EoA (=dA) plotted against ci at Topt
of A. c Correlation between EoA at the reference temperature (21 �C;
Eo(RefA) and dA of ‘CO2-limited’ photosynthesis. The correlation

between these variables derived from an acclimation experiment with

Date Palm by Kruse et al. (2016; Tref = 20 �C) is drawn for

comparison. d Hyperbolic relation between electron transport at the

optimum temperature (ETRopt) and incident light, measured at

ca = 800 lmol mol-1. e Correlation between dETR and incident light

(PPFD). f Correlation between Eo(RefETR) and dETR. g Hyperbolic

relation between Aopt and incident light, measured at ca = 800 -

lmol mol-1 CO2. h Temperature sensitivity of EoA (=dA) plotted

against incident light in the second set of experiments (ca = 800 -

lmol mol-1). The red data points were derived from measurements

of the same leaf via consecutive measurement of photosynthetic

temperature responses at 1200, 700, 300, and 70 lmol photons

m-2 s-1. All other data points were derived from independent

temperature responses of differing leaves taken from 5 plants. (I)
Correlation between Eo(RefA) and dA of ‘light-dependent’ photosyn-

thesis. Correlation between these variables derived from ‘CO2-

limited’ photosynthesis (cf. Figure 2c), and from Kruse et al. 2016 are

drawn for comparison. For further statistical analysis of the data

compare Figs. 3 and 4, and Table 1
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Fig. 3 Correlation between Eo(RefA) (or Eo(RefETR)) and dA (or

dETR), as affected by incident light and ci. a Effect of incident light on

dETR (second set of experiments). b Correlation between Eo(RefETR)

and dETR, after accounting for effects of incident light (cf. Fig. a).
Effects predicted by General Linear Models (GLMs) within 95 %

confidence intervals are shown. Effects sizes and their significance are

shown in Table 1. c Effect of incident light on dA (second set of

experiments). d Correlation between Eo(RefA) and dA, after account-
ing for effects of incident light (cf. Fig. c). e Effect of ci (at Topt of A)

on dA (first set of experiments). f Correlation between Eo(RefA) and

dA, after accounting for effects of ci (cf. Fig. e)
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much of the residual variation (73 %, Table 1, as compared

to 58 %, Fig. 5d). Some variation is arguably due to fluo-

rescence measurements capturing photosynthetic efficiency

of a smaller proportion (e.g., outermost cells) of leaves,

while gas exchange provides a more integrated measure of

whole-leaf performance.

Table 1 Results of general

linear models (GLMs) testing

the influence of incident

irradiance and ci (at Topt of A)

on the temperature sensitivity of

EoA (=dA) or EoETR (=dETR)

Dependent variable Independent predictor: pg
2 (p value) Entire model: R2

dA Ci

0.13 (0.02)

Eo(RefA)

0.85 (<0.001)

Fig. 3a, b

R2 = 0.90

dA Light

0.21 (0.004)

Eo(RefA)

0.74 (<0.001)

Fig. 3c, d

R2 = 0.91

dETR Light

0.03 (n.s.)

Eo(RefETR)

0.93 (<0.001)

Fig. 3e, f

R2 = 0.96

dA /PSII

0.18 (0.009)

Ci

0.01 (n.s.)

Eo(RefA)

0.76 (<0.001)

Fig. 4a, c

R2 = 0.92

dA Light

0.28 (0.009)

dETR
0.56 (<0.001)

Fig. 4d, e

R2 = 0.83

Eo(RefA) Light

0.20 (0.007)

Eo(RefETR)

0.38 (<0.001)

Not shown

R2 = 0.73

Data shown are effect sizes (pg
2) of predictor variables on dA and dETR. Effects are visualized in Figs. 3 and 4

Fig. 4 Correlation between Eo(RefA) and dA, as affected by ci and /PSII, or by incident light and dETR. a Effect of /PSII (at Topt of A) on dA
(second set of experiments). b Effect of ci (at Topt of A) on dA (second set of experiments). c Correlation between Eo(RefA) and dA, after
accounting for effects of /PSII and ci (cf. Fig. a ? b). d Effect of incident light on dA (second set of experiments). e Correlation between dA and

dETR, after accounting for effects of incident light (cf. Fig. d). Effects predicted by general linear models (GLMs) within 95 % confidence

intervals are shown. Effects sizes and their significance are shown in Table 1
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Discussion

The present study corroborates findings by June et al.

(2004) that instantaneous, temperature-dependent rates of

thylakoid electron transport (J or ETR) are symmetrical

around the optimum temperature. In formal descriptions of

this phenomenon, electron transport at the thermal opti-

mum (i.e., J(To)) and To are set as variables (see Eq. 3). For

many species, the optimum temperature (To) is quite ver-

satile and varies with changing growth temperature (Berry

and Björkman 1980; Mawson and Cummins 1989;

Yamasaki et al. 2002; Yamori et al. 2008; see Fig. 6).

In the present study, we used a modified Arrhenius

equation with Tref as fixed parameter, in order to

characterize temperature-dependent electron transport in

response to different light intensity (sensu Eq. 1).

Increasing light intensity did not affect Topt of ETR, but

caused a clear hyperbolic increase in ETRopt (see also

Thornley and Johnson 1990). Below Topt, increasing light

intensity generally resulted in steep increases in ETR,

which then equally rapidly declined above Topt (compare

Fig. 6), but this effect varied between leaves. Surprisingly,

the parameters Eo(RefETR) and dETR were strongly corre-

lated (R2 = 0.95, Fig. 2d). This correlation was derived

from 38 independent temperature curves of different

leaves, suggesting common mechanism(s) regulate thy-

lakoid electron transport—despite large variation in

response to contrasting light intensity (Fig. 2e).

Fig. 5 Relationships between

parameters of temperature-

dependent photosynthesis and

electron transport in the second

set of experiments.

a Correlation between optimum

temperatures of photosynthesis

and electron transport.

b Correlation between peak

rates of photosynthesis and

electron transport achieved at

their respective optimum

temperature. c Correlation

between the temperature

sensitivity of EoA (=dA) and that

of EoETR (=dETR). d Correlation

between the activation energy of

A at the reference temperature

(Eo(RefA)) and that of electron

transport at the reference

temperature (Eo(RefETR))
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A mechanistic basis for correlation of Eo(RefETR)

with dETR and symmetry of temperature-dependent

electron transport: thermodynamic and general

considerations

Many studies from diverse disciplines have reported a

phenomenon known as the ‘compensation effect’ (Liu and

Guo 2000). This effect relates to observations that the

enthalpy of activation (DH�) is frequently correlated with

the entropy of activation (DS�) of a series of connected

chemical reactions (Liu and Guo 2000). Might this effect

also be responsible for the close correlation between Eo(-

RefETR) and dETR?
For the most part, chemical reactions not catalyzed by

enzymes obey classical Arrhenius kinetics and can be

characterized by linear plots of ln k versus 1/T, where the

rate constant, k, is given by:

k ¼ Be�
Ea
<T ð8Þ

Developing his ‘transition state theory’ of absolute

reaction kinetics, Eyring (1935) showed that the activation

barrier (Ea) to a reaction is equivalent to the free energy

change of activation (DG�). From the thermodynamic

relation DGz ¼ DHz � TDSz, Eyring derived the follow-

ing expression:

k ¼ kBT � j
h

� e
DSz=<

� �
e
� DHz=<T
� �

; ð9Þ

where kB is the Boltzmann constant, h is the Planck con-

stant, and j is a ‘transmission coefficient’. The term

kBT�j
h

� e
DSz=<

� �
corresponds to the pre-exponential factor

B of the original Arrhenius equation. Possible relations

between DH� and DS� have no effect on the exponent of

temperature-dependent reaction rates, and cannot account

for the correlation between Eo(RefETR) and dETR (both

appearing as temperature-dependent variables in the

exponent of the modified Arrhenius equation; see Eq. 1 and

Kruse et al. 2011, 2016).

For most enzyme-catalyzed reactions, curved plots of ln

k versus 1/T are the rule, rather than the exception (i..e

Sturtevant and Mateo 1978; Silvius and McElhaney 1980).

Under in vitro conditions, this curvature can satisfactorily

be explained by Cp
�
= 0 (where Cp

� is the heat capacity of

activation at constant pressure), owing to the many and

complex intramolecular interactions and rotational and

vibrational degrees of freedom in enzyme molecules (Sil-

vius and McElhaney 1981). Ma et al. (2000) introduced the

concept of a ‘transition state ensemble’ in enzyme cataly-

sis. Their model assumes a broad range of activated con-

formations, rather than just one, well-defined structure.

In planta, temperature-related activation, or deactiva-

tion, of allosteric enzymes add another level of complexity

(Han 1972; Silvius and McElhaney 1981). Furthermore, for

any chain of interdependent reactions (like thylakoid

electron flow), the different kinetic properties of involved

components may change the rate-limiting step(s) as leaf

temperature increases. Theoretical analysis of compara-

tively ‘simple’ model systems, assuming different apparent

activation energies of just two enzyme-catalyzed reactions,

predicts a smooth transition curvature that links two linear

asymptotes in Arrhenius plots (Han 1972). More than two

reactions results in complex interactions; not easily

described mathematically. While thermodynamic and

Fig. 6 Flexibility of

temperature-dependent

thylakoid electron transport.

Topt of electron transport

acclimates to long-term

variation of growth temperature,

whereas dETR and ETRopt are

more prone to short-term

variation of light interception.

For demonstrational purposes,

the breadth of symmetric

responses is exaggerated.
1Results of the present study;
2Results from a literature survey

by June et al. (2004)
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kinetic factors contribute to non-linearity in Arrhenius

plots (Hulett 1964), such models cannot easily account for

an apparent lack of inflection points, or for the symmetry of

temperature-dependent thylakoid electron transport in

planta (Han 1972; Silvius and McElhaney 1981; Kubo

1985).

A classic example is that using isolated chloroplasts and

measuring O2 release in the presence of saturating K3-

[Fe(CN)6] as electron acceptor (Mitchell and Barber 1986),

suggests full-chain uncoupled electron transport that

accords with a linear, Arrhenius description for tempera-

ture dependency. Using intact leaves on the other hand

(Mitchell and Barber 1986), produces curvature in Arrhe-

nius plots of photosynthetic O2 evolution.

Steady-state electron flow in planta: ‘Limitation’

or ‘Coordination’?

Electron transfer between most reactants in transfer chains

involves spatially fixed and oriented sites, in close prox-

imity to one another (Marcus and Sutin 1985). Electron

transfer between different redox couples of PSII and PSI is

rapid (timescales between 10-11 and 10-4 s) and largely

independent of temperature (Malkin and Niyogi 2000).

Electron transfer reactions involving the mobile electron

carrier plastoquinone, are one or two orders of magnitude

slower. In particular, oxidation of reduced plastoquinone

(PQH2) via the Cyt-b6f complex is a bottleneck in thy-

lakoid electron transport, taking about 10–20 ms and

seemingly ‘limits’ whole-chain electron transport irre-

spective of incubation temperature (Haehnel 1984; Ott

et al. 1999; Malkin and Niyogi 2000).

At a macroscopic scale (i.e., entire chloroplasts), fre-

quencies of interaction between PQH2 molecules and

populations of Cyt-b6f complexes are subject to physio-

logical regulation. For example, exposure to cold triggers

changes in membrane viscosity, either via changes of fatty

acid composition (Raison et al. 1980; Barber et al. 1984;

Mitchell and Barber 1986), or via increases in protein/lipid

ratios of thylakoids (in particular increased expression of

Cyt-b6f; Yamori et al. 2005). These long-term, acclimatory

responses help shift the Topt of ETR. In the short term, the

oxidation state of the plastochinone pool (PQH2/PQ)

adjusts swiftly to metabolic requirements via cyclic elec-

tron transport around PSI (Moss and Bendall 1984), which

varies with light intensity (Laisk et al. 2005). The close

correlation between Eo(RefETR) and dETR, and the constant

temperature sensitivity of EoETR, suggest a highly regulated

process.

Respiration studies provide clues to the nature of regu-

lation of PQH2/PQ under steady-state conditions. The

temperature response of mitochondrial O2 reduction (RO2)

can be described by analogy with Eq. 1, with equally

strong correlation between the two exponent variables

(Kruse et al. 2011, 2012; also see Supplementary Infor-

mation Figure S1A). Inhibition of cytochrome oxidase

(COX) by application of CN- changes the downward

curvature (concave) of modified Arrhenius plots, to convex

upwards (i.e., dRO2 became positive). Conversely, inhibi-

tion of alternative oxidase enforces electron flux through

the cytochrome pathway and results in more negative dRO2,
coupled to concomitant changes of Eo(RefRO2) in the

opposite direction (Kruse et al. 2011). Linearity of relations

between Eo(RefRO2) and dRO2, suggests that terminal oxi-

dase activities are tightly co-ordinated and mutually

interdependent. In an evolutionary sense, this helps opti-

mize and match ATP synthesis and production of TCA

cycle intermediates to cellular demand (see Kruse et al.

2011, compare Fig. 7a).

In functional terms, cyclic electron flow around PSI

(CEF) shares many similarities with the alternative path of

mitochondrial electron flow. CEF helps adjust ATP/

NADPH production ratios to metabolic requirements

(Fig. 7b). Ferredoxin-plastoquinone reductase (FQR), and

its physiological role in vivo, has long been a matter of

debate (Heber et al. 1995; Munekage et al. 2004; DalCorso

et al. 2008). In a recent development, Hertle et al. (2013)

have shown that antimycin A-sensitive PGRL1 has similar

characteristics to FQR. Notably, thioredoxins (TRXs)

promote formation of PGRL1 monomers, which is a pos-

sible mechanism for modulating activity of FQR in a

fashion similar to that of AOX. The exact physiological

role of CEF in planta remains controversial because we

currently lack the ability to measure CEF directly (Shikanai

2007; Johnson 2011).

We suggest that the temperature dependency of UPSII is

a simple, albeit indirect, means to estimate CEF under

steady-state conditions, and that low (more negative) dETR
values are indicative for high rates of CEF under high light.

This suggestion is supported by findings of Joliot and Joliot

(2006), showing that under steady-state illumination the

contribution of cyclic electron flow to PSI turnover

increases as a function of light intensity (from 0 % under

weak light to 50 % under saturating light; Joliot and Joliot

2006).

It is not possible to identify a single process that ‘limits’

electron flow under steady-state conditions, because elec-

tron source activity (i.e., UPSII) is subject to subtle feedback

regulation via electron sink activity (i.e., Ferredoxin-

NADP Reductase activity, Fig. 7b)—mediated by pH. For

example, enhanced protonation of chlorophyll proteins in

thylakoid lumens, facilitates binding to zeaxanthin, asso-

ciated with conformational changes that convert these

proteins into energy-dissipating traps (non-photochemical

quenching; Heber and Walker 1992; Horton et al. 1996;

Johnson 2011). Consequently, UPSII (at Topt) slows as light
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intensity increases (Fig. 1d). Cyclic electron transport

around PSI is also coupled to vectorial proton transfer, and

the contribution of CEF to DpH becomes apparent in

temperature dependency of UPSII. Operation of CEF sig-

nificantly affects the P/O ratio of entire chloroplasts or

leaves. It seems useful to note that where any given dETR
falls between Eo(RefETR) and dETR, it indicates the balance
between PSII source activity and ATP synthesis under

steady-state conditions. Electron flow through the alterna-

tive pathway decreases P/O, whereas operation of cyclic

electron flow around PSI increases P/O. dRO2 values are

frequently positive (Supplementary Information Fig.S1A),

whereas dETR values are always negative (Fig. 2f). As a

result, temperature responses of respiratory O2 uptake or

CO2 evolution largely remain exponential, but those of

photosynthetic CO2 uptake appear parabolic, with variable

breadth.

Relation between flux mode of thylakoid electron

flow and Calvin cycle activity

The symmetry of A/T curves depended on light intensity

(Fig. 2h). Aopt increased hyperbolically, while dA decreased
linearly with light. Similar results were obtained by Lud-

low and Wilson (1971; Fig. 3 in the review by Berry and

Björkmann 1980) and Oberhuber and Edwards (1993) but

these early studies have not been widely replicated. Early

simulations of A/T responses under saturating light,

assuming known temperature effects on the specificity

factor of Rubisco, rate-saturating RuP2 supply to the

enzyme, and constant stomatal conductance (Berry and

Björkmann 1980), showed an increasing mismatch

between simulated and observed net CO2 assimilation at

leaf temperatures above 20 �C.
The most widely adopted (and cited) explanation for this

mismatch is limited capacity for RuP2 regeneration, which

becomes particularly problematic as temperature increases

(Berry and Björkmann 1980; Harley et al. 1985).

Results of the present study suggest an alternative

interpretation, namely that steady-state rates of CO2

assimilation remain tightly co-ordinated with those of

thylakoid electron transport, whereby the mode of electron

flow (linear versus cyclic electron flow) is regulated by

metabolic requirements for ATP relative to those for

NADPH. For example, if rates of CO2 assimilation exceed

rates of cytosolic sucrose synthesis and export under high

light intensity, additional ATP is required for starch syn-

thesis in chloroplasts. Further, ‘excess’ reducing equiva-

lents under high illumination can be exported from

chloroplasts via the malate/oxalacetate shuttle, in order to

power processes other than Calvin cycle activity (Yoshida

et al. 2007). It remains true to state that we have limited

understanding on how chloroplast metabolism is integrated

with other cellular processes (Raghavendra and Padmasree

2003; Johnson 2011).

In the present study dETR and dA were tightly related

(Fig. 5c), but light intensity had additional influences on dA
(Fig. 4d). With increasing illumination, enhanced opera-

tion of CEF increases the ATP/NADPH production ratio

above that needed for steady-state CO2 fixation in the

Calvin cycle (i.e., ATP/NADPH [1.5; Buchanan et al.

2000). It is very arguable that the ‘speed’ of turnover of

ATP, relative to that of NADPH, regulates the mode of

thylakoid electron transport (Fig. 7b; Endo et al. 2005;

Hald et al. 2008). The constancy of dETR (and dA) implies

that the ratio of these rates of turnover is (mostly) inde-

pendent of incubation temperature.

bFig. 7 Principal regulatory features of electron flow in mitochondrial

and thylakoid membranes, accounting for variation in the shape of

temperature-dependent electron flow—as defined by dRO2 for mito-

chondrial electron flux in the dark or dETR for thylakoid electron flux

in the light. It is suggested that the d parameter reflects a distinct flux

mode (see ‘‘Discussion’’ section). a In mitochondria, electron flow via

the cytochrome path is chiefly regulated by cellular ATP demand.

Over-reduction of the ubiquinol pool can cause activation of

alternative oxidase, in order to (i) prevent formation of ROS and

(ii) keep the TCA cycle operative (under low ADP availability) for

continued production of intermediates for anabolism (i.e., de novo

synthesis of amino acid). Enhanced contribution of AOX to

mitochondrial electron flux causes dRO2 to become more positive

(Kruse et al. 2011). b In chloroplasts, rates of linear electron flow are

chiefly governed by rates of ATP and NADPH consumption in the

Calvin cycle. Depending on light intensity (and other influences),

metabolic demand for ATP changes relative to that for NADPH.

Cyclic electron flow around PS I (CEF) apparently helps regulate

different requirements for ATP/NADPH, presumably via FNR and/or

FQR. Enhanced activity of FQR apparently causes dETR to become

more negative. We also suggest that the temperature dependencies of

electron flow and CO2 assimilation (i.e., dETR and dA) remain tightly

co-ordinated via the thioredoxin system (target enzymes: Carbonic

anhydrase, Rubisco activase, Glyceraldehyde-3P-dehydrogenase,

Fructose-1,6-P2-phosphatase, Sedoheptulose-1,7-P2-phosphatase,

Ribulose-5P-kinase; Buchanan and Balmer 2005). Note that, in

planta, FQR is loosely associated with PSI. That is, Fig. 7b is an

oversimplification, because there exists distinct PQ pools within

appressed and non-appressed regions of thylakoid membranes,

respectively (‘lateral heterogeneity’). For demonstrational purposes,

we assumed one PQ pool, receiving electrons from PSII and FQR.

Abbreviations: Figure A AOX, alternative oxidase; COX, cytochrome

oxidase. R1–R3: Central points for feedback regulation of mitochon-

drial electron transport. Figure B FNR, Ferredoxin-NADP oxidore-

ductase; FQR, Ferredoxin-PQ oxidoreductase (=PGRL1, Hertle et al.

2013); DpH; transmembrane proton gradient; R1–R3: Central points

for putative feedback regulation of thylakoid electron transport.

Cyclic and linear pathways compete for re-oxidation of ferredoxin

that freely diffuses in the stroma (Joliot and Joliot 2006). Given that

FNR (i.e., Lehtimäki et al. 2014) and FQR (Hertle et al. 2013) are

subject to post-translational modification, the partitioning of electrons

between the two pathways may be highly regulated. Note that Fig. 7

does not claim to be stochiometrically correct. Rather, the factors x or

(1 - x) indicate the partitioning of electrons between different

pathways
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A/T curves remained symmetrical irrespective of applied

ca. Further, temperature sensitivity of EoA (or dA) did not

change with incubation temperature (Fig. 1c), as might

have been expected at least for measurements at ca\ -

ambient. Symmetry of A/T curves leads to a conclusion that

the ratio of RubP2 carboxylation:oxygenation does not

change with incubation temperature. There is evidence that

temperature-induced changes in kinetic properties of

Rubisco, such as favoring the oxygenation reaction at

greater T, are compensated by increased stomatal conduc-

tance (Sage 2013), or increased mesophyll conductance to

CO2 transfer (von Caemmerer and Evans 2015). The close-

to-instantaneous responses of mesophyll conductance to

greater leaf temperature point to control via enzymatic

processes (e.g., regulation of aquaporins, Flexas and Diaz-

Espejo 2015).

Finally, the lack of temperature effects on the symmetry

of A/T curves at ambient ca, did not preclude ca from

affecting dA at concentrations\ ambient. We observed that

substomatal [CO2] (i.e., ci at Topt) significantly influenced

the correlation between Eo(RefA) and dA, where dA declined
with decreasing ci (from -45 kK2 at 250 lmol mol-1 to

-60 kK2 at 50 lmol mol-1, Fig. 3e, f). Low CO2 avail-

ability promotes CEF and is a possible explanation for this

observation (Heber and Walker 1992; Heber 2002; Joliot

and Joliot 2006).

Conclusions

Previously, a modified Arrhenius equation has been

reported for the characterization of temperature depen-

dency of mitochondrial electron flow (Kruse et al. 2011),

and CO2 evolution in the dark (Noguchi et al. 2015; Kruse

et al. 2012, 2016). In the present study we show that this

equation can also be applied for the characterization of

thylakoid electron flow, which remains tightly co-ordinated

with CO2 assimilation in the light. Within the range of

temperatures that do not cause irreversible damage to the

photosynthetic machinery, A/T curves remain symmetrical

irrespective of light intensity or substomatal [CO2].

Enhanced illumination and low ci have opposite effects on

Aopt, but both factors result in A/T curves narrowing around

Topt (i.e., dA declines). The latter effect has measurable

influences on the generally strong correlation between

Eo(RefA) and dA, affecting its slope and/or the intercept.

Under steady-state conditions, dA is tightly related to dETR.
Variation in dETR is most likely linked to variable contri-

butions of cyclic versus linear electron flow, as determined

by anabolic demand for ATP relative to NADPH. Previous

attempts to interpret A/T responses centered around ‘sup-

ply-driven’ control of net photosynthesis, assuming car-

boxylation rates, at any given biochemical capacity (i.e.,

RubisCO abundance), are limited by temperature-depen-

dent supply of substrates (either RuP2 or CO2 versus O2) to

the sites of carboxylation. The results of the present and a

previous study (Kruse et al. 2016) rather indicate ‘demand-

driven’ control of photosynthesis, linking different

requirements for ATP and NADPH during carbon fixation

to different modes of triosephosphate utilization (i.e.,

synthesis of starch, versus export of sucrose or amino

acids). Hence, the shape of A/T curves, as defined by the dA
parameter, can be viewed as an emergent property of

whole-leaf photosynthesis, depending on the mode of thy-

lakoid electron flux. Following this rationale, the peak of A/

T curves, as defined by Aopt, would depend on the rate of

triosephosphate utilization, with an upper limit set either by

the rate of growth, or by Jmax (and/or Vcmax) under pre-

vailing resource availability or environmental conditions.
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