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Photosynthesis captures light energy to produce ATP and NADPH. These molecules are consumed in the conversion of CO2 to
sugar, photorespiration, and NO3

2 assimilation. The production and consumption of ATP and NADPH must be balanced to
prevent photoinhibition or photodamage. This balancing may occur via cyclic electron flow around photosystem I (CEF), which
increases ATP/NADPH production during photosynthetic electron transport; however, it is not clear under what conditions CEF
changes with ATP/NADPH demand. Measurements of chlorophyll fluorescence and dark interval relaxation kinetics were used to
determine the contribution of CEF in balancing ATP/NADPH in hydroponically grown Arabidopsis (Arabidopsis thaliana) supplied
different forms of nitrogen (nitrate versus ammonium) under changes in atmospheric CO2 and oxygen. Measurements of CEF were
made under low and high light and compared with ATP/NADPH demand estimated from CO2 gas exchange. Under low light,
contributions of CEF did not shift despite an up to 17% change in modeled ATP/NADPH demand. Under high light, CEF
increased under photorespiratory conditions (high oxygen and low CO2), consistent with a primary role in energy balancing.
However, nitrogen form had little impact on rates of CEF under high or low light. We conclude that, according to modeled ATP/
NADPH demand, CEF responded to energy demand under high light but not low light. These findings suggest that other
mechanisms, such as the malate valve and the Mehler reaction, were able to maintain energy balance when electron flow was
low but that CEF was required under higher flow.

Photosynthesis must balance both the amount of en-
ergy harvested by the light reactions and how it is
stored to match metabolic demands. Light energy is
harvested by the photosynthetic antenna complexes and
stored by the electron and proton transfer complexes as
ATP and NADPH. It is used primarily to meet the en-
ergy demands for assimilating carbon (from CO2) and
nitrogen (from NO3

2 and NH4
+; Keeling et al., 1976;

Edwards and Walker, 1983; Miller et al., 2007). These
processes require different ratios of ATP and NADPH,
requiring a finely balanced output of energy in these
forms. For example, if ATP were to be consumed at a

greater rate than NADPH, electron transport would
rapidly become limiting by the lack of NADP+, decreasing
rates of proton translocation and ATP regeneration.
Alternatively, if NADPH were consumed faster than
ATP, proton translocation through ATP synthase would
be reduced due to limiting ADP and the difference in
pH between lumen and stroma would increase, re-
stricting plastoquinol oxidation at the cytochrome b6 f
complex and initiating nonphotochemical quenching
(Kanazawa and Kramer, 2002). The stoichiometric
balancing of ATP and NADPH must occur rapidly, be-
cause pool sizes of ATP and NADPH are relatively small
and fluxes through primary metabolism are large (Noctor
and Foyer, 2000; Avenson et al., 2005; Cruz et al., 2005;
Amthor, 2010).

The balancing of ATP and NADPH supply is further
complicated by the rigid nature of linear electron flow
(LEF). In LEF, electrons are transferred from water to
NADP+, oxidizing water to oxygen and reducing NADP+

to NADPH. This electron transfer is coupled to proton
translocation and generates a proton motive force, which
powers the regeneration of ATP. The stoichiometry of
ATP/NADPH produced by these reactions is thought
to be 1.29 based on the ratio of proton pumping and the
requirement for ATP synthase in the thylakoid (Sacksteder
et al., 2000; Seelert et al., 2000). However, under ambient
CO2, oxygen, and temperature, the ATP/NADPH
required by CO2 fixation, photorespiration, and NO3

2

assimilation is approximately 1.6 (Edwards and Walker,
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1983). The ATP/NADPH demand from central metabo-
lism changes significantly from 1.6 if the ratio of CO2 or
oxygen changes, driving different rates of photosynthesis
and photorespiration (see “Theory”). Such changes in
energy demand require a flexible mechanism to balance
ATP/NADPH that responds to environmental conditions.

The difference between ATP/NADPH supply from
LEF and demand from primary metabolism could be
balanced via cyclic electron flow around PSI (CEF;
Avenson et al., 2005; Shikanai, 2007; Joliot and Johnson,
2011; Kramer and Evans, 2011). During CEF, electrons
from either NADPH or ferredoxin are cycled around PSI
into the plastoquinone pool and regenerate ATP without
reducing NADP+ (Golbeck et al., 2006). Therefore, CEF
has been suggested to be important for optimal photo-
synthesis and plant growth, but its physiological role in
energy balancing is not clear (Munekage et al., 2002, 2004;
Livingston et al., 2010). For example, there was no shift in
CEF in Arabidopsis (Arabidopsis thaliana) measured under
low light (less than 300 mmol m22 s21) and different
oxygen partial pressures, which would significantly
change the ATP/NADPH demand of primary metabo-
lism (Avenson et al., 2005). Similar results were seen
under low light in leaves of barley (Hordeum vulgare) and
Hedera helix (Genty et al., 1990). While CEF did not shift
with energy demand in steady-state photosynthesis un-
der low light, it did increase with photorespiration as
expected at high light (Miyake et al., 2004, 2005). These
observations could be explained if CEF becomes more
important for energy balancing under high irradi-
ances when other mechanisms become saturated.

To determine under which conditions CEF responded
to ATP/NADPH demand, we used biochemical models
of leaf CO2 fixation to model ATP and NADPH demand
under a variety of conditions (see “Theory”). We then
used in vivo spectroscopy to measure the relative re-
sponse of CEF to modeled ATP/NADPH demand from
CO2 fixation and NO3

2 assimilation in hydroponically
grown Arabidopsis. Our findings indicate that CEF
responded to modeled ATP/NADPH demand under
high light but not under low light or nitrate availability.

THEORY

The ATP and NADPH demand from primary meta-
bolism can be determined from the energy requirements
of CO2 assimilation, photorespiration, and NO3

2 assimi-
lation (Noctor and Foyer, 1998, 2000). The assimilation of
CO2 is the largest energy sink in an illuminated leaf and
requires three ATP and two NADPH for the reduction of
CO2 and the regeneration of substrates in the Calvin
cycle (Benson and Calvin, 1950; Edwards and Walker,
1983; Noctor and Foyer, 2000). Photorespiration is the
second largest energy sink in C3 species and is initiated
when Rubisco reacts with oxygen, requiring 3.5 ATP
and two NADPH (Sharkey, 1988; Bauwe et al., 2010).
Finally, NO3

2 assimilation is typically the third largest
process impacting ATP/NADPH demand and primarily
occurs in the leaves of many plants, including Arabidopsis

(Noctor and Foyer, 1998). The assimilation of NO3
2 has a

much lower ATP/NADPH requirement (one ATP and
five NADPH reducing equivalents) and can have a
significant effect on energy demand, even though the
rates are typically lower than the rates of CO2 fixation
and photorespiration (Smirnoff and Stewart, 1985;
Crawford, 1995).

The Farquhar, von Caemmerer, and Berry model of net
CO2 assimilation (Anet) can be used to quantify the rates
of Calvin cycle and photorespiration:

Anet ¼ vc 2avo 2Rd ð1Þ

whereAnet is determined from CO2 gain through Rubisco
carboxylation (vc) and CO2 loss following Rubisco oxy-
genation (vo) and day respiration (Rd). Photorespiratory
loss of CO2 is calculated from the ratio of CO2 release per
vo (a), typically assumed to be 0.5. The Michaelis-Menten
model for competitive inhibition determines vc and vo
using carbon (C) and oxygen (O), the Km values for re-
action with CO2 (Kc) and oxygen (Ko), and maximum
rates for reaction with CO2 (Vcmax) and oxygen (Vomax)
for vc assuming inhibition by O as in:

vc ¼ VcmaxC

Cþ Kc

�
1þ O

Ko

� ð2Þ

or with respect to vo inhibited by C as in:

vo ¼ VomaxO

Oþ Ko

�
1þ C

Kc

� ð3Þ

Equations 2 and 3 can be combined with Equation 1 to
produce a model of photosynthesis under Rubisco limita-
tion and, through further derivation (Farquhar et al., 1980;
von Caemmerer and Farquhar, 1981; von Caemmerer,
2000), produces:

Anet ¼ VcmaxðC2G�Þ
Cþ Kc

�
1þ O

Ko

� ð4Þ

where G* is the CO2 compensation point in the absence
of day respiration represented by:

G� ¼ aVomaxKc

VcmaxKo
ð5Þ

G* can be combined with the electron (e2) demand for
NADPH and Equation 1 to determine maximum Anet for
a given rate of electron transport, J (von Caemmerer, 2000):

Anet ¼ ðC2G�ÞJ�
4Cþ 4 G�

a

�2Rd ð6Þ

The total energy demand for ATP and NADPH to
support vc, vo, and NO3

2 assimilation (vn) can be de-
termined from:
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vNADPH ¼ 2vc þ 2vo þ 5vn ð7Þ

and

vATP ¼ 3vc þ 3:5vo þ vn ð8Þ

where vNADPH and vATP are the rates of total demand
for NADPH and ATP.
Furthermore, the total amount of electron transport

required for vc and vo (Jg) can be calculated from
measured rates of Anet by rearrangement of Equation 6
(Ruuska et al., 2000) to produce:

Jg ¼
ðAnet þ RdÞ

�
4Cþ 4 G�

a

�
ðC2G�Þ ð9Þ

and for ATP demand as:

vATP 2 vn ¼
ðAnet þ RdÞ

�
3Cþ 3:5 G�

a

�
ðC2G�Þ ð10Þ

Rates of CEF necessary to balance ATP and NADPH
are determined by subtracting the amount of ATP
produced by LEF from vATP according to:

ATP needed from CEF ¼ vATP 2 vNADPH
1:29 ATP
NADPH

ð11Þ

which is converted to electron demand assuming CEF
pumping of 2 H+/e2 and an ATP synthase require-
ment of 4.7 H+/ATP:

e2 from CEF ¼
�
vATP 2 vNADPH

1:29 ATP
NADPH

�
4:7Hþ

ATP
e2

2Hþ

ð12Þ

Total demand for CEF can be simplified from Equation
12 as a percentage of LEF as:

%CEF ¼ ð1:18vATP 2 1:52vNADPHÞ
vNADPH

� 100 ð13Þ

which predicts CEF demand using Equations 2 and 3
or 9 and 10.

RESULTS

CO2 Exchange and Leaf Absorbance under NO3
2 and

NH4
+ Feeding

To parameterize CO2 exchange models for calculat-
ing predicted rates of CEF (see “Theory”), G*, Rd, and
Vcmax were determined under NO3

2 and NH4
+ feeding.

Nitrogen form had no significant effect on G* (4.16 0.3
and 3.96 0.3 Pa CO2 for NO3

2- and NH4-fed plants) or
Rd (0.41 6 0.03 and 0.57 6 0.10 mmol CO2 m

22 s21 for
NO3

2- and NH4-fed plants; Table I; Student’s t test
P . 0.05). Rates of Vcmax decreased with measurement
photosynthetic photon flux density (PPFD) but were
not significantly different between nitrogen treatments
(Table I; Student’s t test P . 0.05). Photosynthetic
rates near ambient CO2 (37 Pa) and saturating PPFD
(1,000 mmol m22 s21) were also similar between
nitrogen-feeding treatments (Table I), and there was no
difference in photosynthetic rates under any other
PPFD (data not shown). Leaf absorbance measured
with an integrating sphere for calculating LEF was
0.860 6 0.006.

Modeled Cyclic Electron Flow under Low-Light Conditions

The rate at which CEF would need to operate to
match ATP and NADPH production to demand was
estimated for several partial pressures of CO2, oxygen,
and nitrogen form using nitrogen form-specific values
of G*, Rd, and Vcmax (Table II). Predicted rates of CEF
were largest under high photorespiration (15 Pa of
CO2 and 37 kPa of oxygen) and smallest under low
photorespiration (200 Pa of CO2 and 2 kPa of oxygen)

Table I. Parameters from Laisk curves used to model rates of cyclic electron flow

CO2 assimilation rates measured at subsaturating light intensities (Laisk curves) were used to determine G*, rates of
Rd, and CO2 assimilation at 36 Pa of CO2 and 1,000 mmol m22 s21 PPFD. Vcmax was determined from the linear
portions of photosynthetic CO2 response curves measured under 1,000, 377, 210, 120, 66, and 24 mmol m22 s21

PPFD. Measurements were made in hydroponically grown plants starved of all nitrogen for 24 h and then fed either
NO3

2 or NH4
+ as the sole nitrogen form. Values shown are averages of five separate plants 6 SE. There were no

significant differences in any values as determined using Student’s t test with P , 0.05.

Parameter NO3
2 Feeding NH4 Feeding

G* (Pa of CO2) 4.11 6 0.25 3.91 6 0.25
Rd (mmol CO2 m

22 s21) 0.41 6 0.03 0.57 6 0.10
CO2 assimilation at 36 Pa of CO2 (mmol CO2 m

22 s21) 9.6 6 0.8 9.9 6 0.9
Vcmax (mmol CO2 m

22 s21)
1,000 mmol m22 s21 PPFD 31.6 6 3.1 32.4 6 3.3
377 mmol m22 s21 PPFD 27.3 6 2.1 28.7 6 3.2
210 mmol m22 s21 PPFD 23.3 6 1.9 25.5 6 1.6
120 mmol m22 s21 PPFD 14.4 6 1.5 15.2 6 1.1
66 mmol m22 s21 PPFD 7.6 6 0.6 9.4 6 1.2
24 mmol m22 s21 PPFD 1.8 6 0.5 2.2 6 0.5
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regardless of the assumed H+/ATP requirement for ATP
synthase. NO3

2 assimilation decreased ATP/NADPH
demand within each CO2 and oxygen condition. The
most extreme differences in hypothetical CEF demand
were between high photorespiratory conditions without
NO3

2 assimilation and low photorespiratory conditions
with NO3

2 assimilation. The modeled difference in CEF
between these conditions was 17%, assuming an
H+/ATP requirement of 4.7 H+/ATP.

Comparison of Rates of Proton Flux with Linear Electron
Flow under Low Light

Proton pumping during LEF produces a fixed rela-
tionship between proton flux through the thylakoid
membrane (vH+) and LEF. Because CEF increases the
amount of vH+ relative to LEF, increases in CEF correlate
to increases in the slope between vH+ and LEF. We ob-
served no major shifts in plots of vH+ against LEF under
any of the conditions modeled in Table II (Fig. 1A).
There was, however, a slight decrease in the relationship
of vH+/LEF from conditions of lowest ATP/NADPH
demand (205 Pa of CO2, 2 kPa of oxygen, NO3

2) to
highest ATP/NADPH demand (14 Pa of CO2, 37 kPa of
oxygen, NH4

+; Fig. 1B). This shift was in the opposite
direction from that expected based on modeled CEF
demand (Table II; modeled lines are shown in Fig 1B).

Rates of CEF under High Light and Variable CO2

Modeling suggested that ATP/NADPH demand should
increase at low CO2 partial pressures under ambient
oxygen (20 kPa) and increase rates of CEF both with
and without NO3

2 assimilation (Fig. 2A, lines). Nitrate
assimilation was predicted to decrease overall rates of
necessary CEF by approximately 4% at high CO2 (90 Pa)
to approximately 13% at low CO2 (6 Pa). Under low
oxygen (2 kPa; Fig. 2B, lines), CEF was expected to in-
crease with low CO2 with no NO3

2 assimilation (Fig. 2B,
dotted line), but CEF is modeled to decrease at low CO2
when NO3

2 assimilation is present (Fig. 2B, solid line).
At ambient oxygen, measured CEF estimated by the

vH+/LEF was similar to modeled predictions of CEF in

general but not in absolute differences between nitrogen
form treatments (Fig. 2A). Specifically, the vH+/LEF in
both the NO3

2- and NH4
+-fed treatments gradually in-

creased with decreasing CO2 as the modeled trend would
suggest, but there was no difference between nitrogen
treatments despite a predicted 4% to 13% decrease when
NO3

2 assimilation was absent.
At low oxygen, the ratio vH+/LEF increased sharply as

the CO2 availability decreased but started at a similar
value as ambient oxygen under high CO2 in both the
NO3

2- and NH4
+-fed treatments (Fig. 2B). This response

was similar to the general trend of CEF predicted from
ATP/NADPH demand when NO3

2 assimilation was
absent but differed from what was expected when NO3

2

assimilation was present.
ANOVA revealed a significant CO2 effect on the ratio

vH+/LEF and an interaction between CO2 and oxygen
(Table III), but no statistically significant difference or
interaction involving nitrogen form was seen at the P ,
0.05 level.

Linear Electron Flow and Comparisons of NADPH
Supply and Demand

Rates of LEF measured using the multiphase flash
protocol of the LI-COR 6400 compared well with the
rates measured on the custom-built IDEASpec spec-
trophotometer and fluorometer (Hall et al., 2012),
producing a 1:1 ratio at all measured CO2 partial
pressures and nitrogen form feedings (Supplemental
Fig. S1). This indicates that partial saturation of
PSII centers did not interfere with our results. Rates of
Jg determined from gas exchange according to Equa-
tion 9 were strongly correlated with rates of LEF (Fig.
3). Under various PPFD values at ambient oxygen
(Fig. 3A) and CO2 partial pressures under low oxygen
(Fig. 3C), the relationship between Jg and LEF matched
nearly 1:1. When Jg was varied through changes in CO2
partial pressure under ambient oxygen, the relation-
ship between Jg and LEF matched a 1:1 ratio under all
conditions except for the point corresponding to the
lowest CO2, where rates of LEF were higher than Jg
(Fig. 3B).

Table II. Estimated cyclic electron flow under a variety of oxygen, CO2, and nitrogen availabilities

Cyclic electron flow is shown as a percentage of LEF required to balance the ATP/NADPH requirements of
photosynthesis, photorespiration, and NO3

2 assimilation under various oxygen, CO2, and NO3
2 conditions. De-

termination of LEF was made using Equations 2, 3, and 7 with kinetics from Walker et al. (2013). Calculations were
made using H+/ATP of both 4 and 4.7. Cc, CO2 partial pressure within the chloroplast.

Cc Oxygen vc vo Nitrate
ATP/NADPH

Demand
LEF Cyclic 4.7 H+/ATP Cyclic 4 H+/ATP

Pa kPa mmol m22 s21 %
200 1.8 21.9 0.1 0.00 1.50 88 25 21
200 1.8 21.9 0.1 0.17 1.48 90 22 19
20 19.0 6.7 2.5 0.00 1.57 37 33 28
20 19.0 6.7 2.5 0.17 1.51 38 26 22
15 36.8 3.9 3.7 0.00 1.62 30 39 33
15 36.8 3.9 3.7 0.17 1.55 32 30 26
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DISCUSSION

The aim of this work was to test if CEF responded to
the ATP/NADPH demand estimated using leaf models
of CO2 exchange and nitrate metabolism. This rela-
tionship was determined under both high and low light.
Under low light, the relationship vH+/LEF did not in-
crease with the modeled demand for ATP/NADPH
(Fig. 1A). For example, there was a slight decrease in
vH+/LEF between conditions of lowest (205 Pa of CO2,
2 kPa of oxygen, NO3

2) and highest (14 Pa of CO2, 37 kPa
of oxygen, NH4

+) ATP/NADPH demand when CEF

would be expected to increase if it were responding to
energy demand (Fig. 1B; Table II). However, under high
light, the ratio vH+/LEF responded to CO2 as predicted
if CEF was the primary contributor to balancing ATP/
NADPH production. This was demonstrated by the
gradual increase in CEF under ambient oxygen as CO2
decreased and the sharp increase in CEF at low CO2
when photorespiration was minimized with 2 kPa of
oxygen (Fig. 2). These changes in CEF matched the
trend predicted from estimated ATP/NADPH demand
assuming that CEF was the primary mechanism in en-
ergy balancing.

These findings are consistent with previous work
done in separate low- and high-light studies. For ex-
ample, there was no change in CEF when measured
under PPFD irradiances below 200 mmol m22 s21 in

Figure 2. Response of CEF to changes in ATP/NADPH demand under
saturating PPFD. CEF was measured from the relationship of LEF (mmol
e2 m22 s22) to the rate of vH+ in relative units measured as in Figure 1.
Plants were measured under saturating PPFD (1,000 mmol m22 s21) and
various CO2 partial pressures. Chloroplastic CO2 partial pressure (Cc) was
determined from separate measurements of gas exchange made under
identical conditions. Plants were measured under ambient (20 kPa) oxygen
(triangles) and low (2 kPa) oxygen (squares) and under hydroponic NO3

2

feeding (black symbols) or NH4
+ feeding (white symbols). Values shown

are averages of three to four separate plants 6 SE. Modeled lines represent
the predicted demand for CEF estimated using Equations 2 and 3 to bal-
ance ATP/NADPH supply with demand assuming 4.7 H+/ATP without
NO3

2 assimilation (dotted lines) or with NO3
2 assimilation (solid lines).

Figure 1. Response of CEF to changes in ATP/NADPH demand under
subsaturating PPFD. CEF was measured from the relationship of LEF
(mmol e2 m22 s21) to the rate of vH+ in relative units. The subsaturating
light intensities ranged from 34 to 377 mmol m22 s21 PPFD. vH+ was
determined spectroscopically from the dark relaxation of the ECS and
LEF was determined using chlorophyll fluorescence. CEF was mea-
sured under various partial pressures of CO2 and oxygen (14 Pa of CO2

and 37 kPa of oxygen [circles], 37 Pa of CO2 and 20 kPa of oxygen
[triangles], and 205 Pa of CO2 and 2 kPa of oxygen [squares]) and
hydroponically supplied nitrogen (NH4

+ [white symbols] or NO3
2

[black symbols]). All treatments (A) and treatments of the largest ATP/
NADPH demand differences (B) are shown with modeled lines rep-
resenting expected slopes assuming 24% CEF (solid line) and 39% CEF
(dashed line), as presented in Table II. Values shown are averages of
measurements from five separate plants 6 SE.
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Arabidopsis exposed to ambient and high photo-
respiratory conditions (Avenson et al., 2005). How-
ever, there were increases in CEF under decreasing
CO2 detected in tobacco (Nicotiana tabacum) measured
under 1,000 mmol m22 s21 PPFD (Miyake et al., 2005).
Additionally, the hypothesis that CEF is most important
under saturating but not subsaturating photosynthetic
electron flows is supported by mutants lacking key en-
zymes involved in CEF. For example, mutants lacking
both the NADPH- and ferredoxin-dependent pathway of
CEF were viable under a reduced PPFD, suggesting that
alternative mechanisms can balance ATP/NADPH
supply in the absence of CEF (Munekage et al., 2002,
2004).

The response of CEF in this study relied on accu-
rately measured rates of LEF. Rates of LEF were deter-
mined frommeasurements of photochemical efficiency of
PSII (FII) by a saturating pulse of actinic light (Maxwell
and Johnson, 2000). Subsaturating flashes of light used to
determine FII could result in underestimated LEF rates
and might explain increases in vH+/LEF independent
from changes in CEF rates. To confirm that LEF was
not underestimated during measurements of vH+/LEF,
the LEF determined from the spectroscope was com-
pared with that from the fluorimeter on the LI-COR
6400XT (6400-40 Leaf Chamber Fluorimeter; Li-Cor
Biosciences). The multiphase flash protocol used in
the LI-COR 6400XT produces saturating values of
chlorophyll fluorescence even under subsaturating
flash intensity to accurately determine FII (Loriaux
et al., 2013). Values of LEF were similar when mea-
sured under identical conditions at ambient and low
oxygen using either the spectroscope or the LI-COR
multiphase flash (Supplemental Fig. S1), confirming
that values of LEF were not underestimated in calculating
vH+/LEF.

The absolute rates of CEF necessary to balance ATP/
NADPH depend on the proton requirement of chlo-
roplastic ATP synthase (H+/ATP). The ratio of H+/ATP
is still under debate, with mechanistic models pre-
dicting a requirement of 4.7 H+/ATP but experi-
mental measurements indicating H+/ATP closer to 4
(Petersen et al., 2012). In this study, the rates of CEF
needed to balance ATP/NADPH demand under all
conditions were larger assuming a greater proton re-
quirement for ATP synthase (4.7 as compared with
4 H+/ATP). While a lower proton requirement would

decrease the absolute demand for CEF, relative shifts
in the relationship vH+/LEF would remain the same.
This study also assumed continuous Q cycle activation
resulting in two H+ pumped per e2 through CEF.
Lower H+ per e2 ratios would increase the demand for
CEF, but relative predicted shifts would stay the same.

The Impact of Nitrogen Form Treatment

It is interesting that while there were shifts in CEF
consistent with estimated ATP/NADPH demand from
photorespiration and CO2 fixation, there were no dif-
ferences as expected under NO3

2 or NH4
+ feeding.

This observation could be explained if the experi-
mental NO3

2 assimilation rates were lower than what
was used for modeling ATP/NAPDH demand. The
ATP/NADPH modeling assumed a rate of NO3

2 as-
similation of 0.17 mmol m22 s21, which was measured
in plants reared under similar conditions from the
same seed stock (A. Gandin, unpublished data). This
rate is comparable to NO3

2 assimilation rates mea-
sured in other studies of Arabidopsis, which range
from approximately 0.07 to 0.6 mmol m22 s21 assuming
a dry leaf-specific weight of 40 g m22 to calculate rates
on an area basis (Rachmilevitch et al., 2004; Bloom
et al., 2010). However, in this study, the nearly 1:1
relationship between LEF and Jg suggests that the
majority of reductant produced from LEF went toward
CO2 fixation and photorespiration (Fig. 3). In previous
studies, there was also little difference in electron flow
between NO3

2 and NH4
+ feedings in Arabidopsis and

wheat (Triticum aestivum), which corresponded to
lower leaf NO3

2 reductase activity (Cousins and
Bloom, 2004; Rachmilevitch et al., 2004). Furthermore,
nitrate reductase activity can decrease under lower
light intensities, minimizing the impact of nitrate re-
duction to leaf energy balance under low PPFD (Pilgrim
et al., 1993; Lillo and Appenroth, 2001).

Alternatively, the lack of nitrogen form effect on
CEF, LEF, and Jg could be explained if reducing power
for NO3

2 assimilation did not come directly from the
chloroplast. However, most of the energy for NO3

2

assimilation comes from ferredoxin and ATP during
the conversion of NO2

2 to Glu in the chloroplast
stroma, making transport from the mitochondria un-
likely (Lea and Miflin, 1974; Miflin, 1974; Keys et al.,
1978).

Table III. ANOVA results from high-light LEF and vH+ plots

Results are shown from ANOVA of the ratio vH+/LEF against the effects of oxygen, CO2, and either NH4
+ or NO3

2

treatment (N form).

Effect Numerator Degrees of Freedom Denominator Degrees of Freedom F Value P Value

Oxygen 1 13.7 0.68 0.4247
CO2 4 34.7 76.19 ,0.0001
N form 1 13.7 1.68 0.2167
Oxygen 3 CO2 4 34.7 7.11 0.0003
Oxygen 3 N form 1 9.91 4.68 0.0561
CO2 3 N form 4 34.7 0.60 0.6666
CO2 3 oxygen 3 N form 4 34.7 1.03 0.4073
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While there were no statistically significant effects of
nitrogen form on CEF, the P value for the interaction
between nitrogen form and oxygen was almost sig-
nificant under high light (P = 0.0561; Table III). If sig-
nificant, this interaction indicated that, under ambient
oxygen partial pressures, CEF decreased with NO3

2

assimilation. Because NO3
2 assimilation decreases the

total ATP/NADPH demand, such a response would be
expected if CEF was regulated to balance energy supply.
In contrast to ambient oxygen, this interaction would
also indicate that, at lower oxygen partial pressures, CEF
increased with NO3

2 assimilation. This would be unex-
pected due to the assumption that NO3

2 assimilation
decreases ATP/NADPH demand, which would de-
crease the demand for CEF if it were regulated by energy
balancing. However, the impact of NO3

2 assimilation to
cellular ATP/NADPH demand could be masked by
unaccounted for ATP demand, such as in the transport
cost of nitrite transport into the chloroplast.

We also did not observe an effect of nitrogen form on
G* and Rd. These parameters were reported to change
with nitrogen form availability in hydroponically grown
bean (Phaseolus vulgaris) due to an increased need for
carbon skeletons during NO3

2 assimilation (Guo et al.,
2005). This discrepancy between studies also could be
due to lower rates of NO3

2 assimilation in Arabidopsis
compared with bean.

Energy Balancing under Low and High Light

Taken together, the findings from this and previous
studies support the position that different mechanisms
coordinate to balance ATP/NADPH supply and de-
mand under low and high light. Under subsaturating
irradiances, this balancing could be accomplished
through mechanisms such as the malate shuttle, where
excess chloroplastic NADPH reduces oxaloacetate to
malate, which is transported to the mitochondria and
used in mitochondrial electron transport (Scheibe,
2004). This shuttling not only consumes excess
NADPH, as suggested in recent work with alternative
oxidase mutants (Gandin et al., 2012), but may produce
ATP, which could enter the chloroplast via a plastidic
ADP/ATP transporter and further increase the ATP/
NADPH supply (Neuhaus et al., 1997; Möhlmann et al.,
1998). The Mehler reaction also increases ATP/NADPH
supply by diverting electrons from NADP+ to reactive
oxygen species and ultimately back to water. These
electrons generate a proton motive force for ATP re-
generation without NADP+ reduction; however, the rele-
vance of theMehler reaction to steady-state photosynthesis
in higher plants is debated and has been suggested to
not occur at high enough rates under ambient condi-
tions to fully balance energy production in the chlo-
roplast (Asada, 1999; Badger et al., 2000; Ruuska et al.,
2000; Heber, 2002). As irradiance increases, the capacity
for these alternative mechanisms could saturate and in-
crease the importance of CEF to modulate ATP/NADPH
supply.

Figure 3. Rates of linear electron flow measured using chlorophyll
florescence (LEFMPF) and predicted from gas exchange (Jg) under sub-
saturating and saturating PPFD. Chlorophyll fluorescence in Arabi-
dopsis was used to calculate rates of LEFMPF. Gas exchange was used to
predict LEF using measurements of net CO2 exchange and biochemical
models of photosynthesis (Jg). Both LEF and Jg were measured under
hydroponic feeding of NO3

2 (black symbols) or NH4
+ (white symbols)

at either 37 Pa of CO2 and subsaturating (34–377 mmol m22 s21) PPFD
(A) or in response to CO2 (A-Cc) under a saturating PPFD of 1,000
mmol m22 s21 at 20 kPa of oxygen (B) or 2 kPa of oxygen (C). The solid
lines represent a 1:1 relationship of LEF and Jg. Values shown are av-
erages of three to four separate plants 6 SE.
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CONCLUSION

CEF is proposed to play a role in balancing ATP/
NADPH supply with metabolic demand from central
carbon and NO3

2 assimilation. However, the data
presented here indicated that, under low-light condi-
tions, CEF did not respond to estimated ATP/NADPH
demand, suggesting that mechanisms like the malate
shuttle and the Mehler reaction participated in energy
balancing when electron flow was low. Under high
light, CEF corresponded with changes in estimated
ATP/NADPH demand at ambient and low oxygen,
consistent with CEF becoming a major mechanism for
energy balancing when electron flows were high. Fur-
thermore, there was little difference in the impact of
NO3

2 and NH4
+ hydroponic feeding on CEF or rates of

electron flow in mature Arabidopsis.

MATERIALS AND METHODS

Hydroponic Setup and Plant Growth

Arabidopsis (Arabidopsis thaliana) ecotype Colombia seeds were sown on
germination plugs prepared by using a cork borer to cut 4-cm-thick cylinders
from rock wool (Grodan) that had been rinsed three times in deionized water
to remove residual salt. Approximately 35 germination plugs were placed in a
23-cm2 container containing a commercial hydroponic solution (Ionic Grow
Hard Water; Hydrodynamics International), stratified for 2 d at 4°C, and
placed uncovered into a climate-controlled cabinet (Econair Ecological
Chambers) under a PPFD of 100 to 150 mmol m22 s21 with day/night cycles of
11/13 h and 23°C/18°C. The solution level was maintained with deionized
water and allowed to periodically dry out to minimize algae growth.

After 1 to 2weeks, seedlingswere thinned to one plant per plug and grown for
an additional 2 weeks, until roots extended through the rock wool and six true
leaves were formed andwell developed. Plants in the plugswere then transferred
to hollowed green neoprene stoppers (size #5 1/5) and placed in a predrilled
Plexiglas sheet covered with aluminum foil on top of a 37-L container containing
25 L of a nutrient solution (Epstein and Bloom, 2004). The hydroponic solution
was vigorously bubbled with compressed air and replaced twice weekly. The
solution level was maintained so that the aeration caused the solution to splash
onto the plug bottoms but not so high that the plugs were constantly submerged
in the medium. The solution level was decreased as roots extended into the
medium until plants were grown in 10 L of solution after an additional 2 to
3 weeks. Plants were measured between 40 and 50 d after planting, when leaves
were large enough for gas-exchange and spectroscopic measurements.

Hydroponic Feeding and Gas Exchange

Before measurements of gas exchange or in vivo spectroscopy, plants were
placed for 24 h in a nutrient solution lacking any nitrogen to exhaust active NO3

2

pools within the plant (Rachmilevitch et al., 2004). Subsequently, plants were
transferred to a custom-built root cuvette supplied with either NO3

2 or NH4
+

medium overnight (Rachmilevitch et al., 2004). The cuvette was temperature
controlled using a water bath to 25°C and fed aerated solution at a rate of 7 mL
min21 using either a peristaltic or Teflon piston pump (Q pump; Fluid Metering).
Plants were illuminated with a PPFD of 100 to 150 mmol m22 s21 for at least 1 h
prior to each measurement. Gas exchange and chlorophyll fluorescence using a
multiphase saturation flash were measured on fully expanded leaves completely
filling a 2-cm2 measuring head (6400-40 Leaf Chamber Fluorometer; Li-Cor
Biosciences). The oxygen partial pressure was varied using mass flow control-
lers (Aalborg) and passed through a humidification flask before entering the
LI-COR 6400XT. The band-broadening effects of oxygen on the measuring
wavelength were accounted for according to the manufacturer’s instructions
(LI-COR 6400XT manual version 6).

The G* (x intercept) and Rd (y intercept) were measured using the intercept
of photosynthetic CO2 response (A-Ci) curves measured under subsaturating
(1,000, 377, 210, 120, 66, and 24 mmol m22 s21) PPFD (Laisk, 1977). CO2 dif-
fusion through the gasket was corrected according to the manufacturer’s in-
structions (LI-COR 6400XT manual version 6), and G* (chloroplastic CO2 partial

pressure of intercept) was calculated from the intercellular partial pressure (C*)
using G* = C* + Rd/gm, where gm (mesophyll conductance) was 2 mol CO2
m22 MPa21, which was the average of several Arabidopsis ecotypes measured
under various conditions (Tazoe et al., 2011). The Vcmax was determined from the
initial slopes of the A-Ci curves for each light intensity using a derivation of the
Farquhar, von Caemmerer, and Berry biochemical model for leaf CO2 exchange
(von Caemmerer and Farquhar, 1981). Additional A-Ci curves were measured
under saturating (1,000 mmol m22 s21) PPFD and a wider range of CO2 partial
pressures (92, 36.8, 18.4, 9.2, and 4.6 Pa of CO2) at both 20 and 2 kPa of oxygen.

In Vivo Spectroscopy

The steady-state vH+ was estimated from the dark interval relaxation of the
electrochromic shift (ECS) at 520 nm in a custom-built spectroscope described
previously on plants receiving the same nitrogen starvation period and feeding
regime described above (Sacksteder and Kramer, 2000; Cruz et al., 2005). Be-
cause the extent of the ECS signal is proportional to the light-induced proton
motive force, a relative value of vH+ through the thylakoid in the light was
calculated from the maximal drop in the ECS signal (ECSt) during a 300-ms dark
interval and the time constant of the ECS decay (tECS): vH+ = ECSt/tECS (Baker,
1996; Kanazawa and Kramer, 2002; Cruz et al., 2005; Baker et al., 2007).

Rates of LEF and other fluorescence parameters were derived from variable
chlorophyll a fluorescence after 18 min of illumination and during a dark in-
terval of 10 min (Genty et al., 1989; Kramer and Crofts, 1989; Kanazawa and
Kramer, 2002). Rates of LEF were calculated from fluorescence yield under
steady-state PPFD (fs) and under a saturating flash (fm9) according to:

LEF ¼ fm’2 fs
fm’

�Abs leaf
� fraction PSII

where Absleaf and fractionPSII are leaf absorbance and the fraction of light
energy capture by PSII as compared with total photosystems. Leaf absorbance
was determined from measurements of reflectance and transmittance from
five representative leaves using an integrating sphere (Labsphere) according
to the manufacturer’s instructions. The fractionPSII was assumed to be 0.5.

Measuring atmosphere and feeding regime were introduced to the leaf and
plant using an attached LI-COR 6400 with oxygen-mixing system and feeding
cuvette as outlined above. For measurements under low light, plants were placed
in the conditions outlined in Table II under five subsaturating light intensities
(377, 210, 120, 66, and 24 mmol m22 s21), and relative CEF was determined from
shifts in the slope of a plot of vH+ versus LEF between conditions. The response
of CEF to high light under decreasing CO2 (92, 36.8, 18.4, 9.2, and 4.6 Pa of CO2)
was measured at 20 and 2 kPa of oxygen under NO3

2 and NH4
+ feeding. The

CO2 partial pressure within the chloroplast was calculated for Figure 2 from CO2
gas exchange measured under similar conditions using the LI-COR 6400XT.

Cyclic and Linear Electron Flow Modeling

Rates of CEF sufficient to balance ATP/NADPH demandwere estimated using
the equations outlined in “Theory.” For CEF modeling from vc and vo under low
light, Equations 2 and 3 were parameterized with the in vivo Rubisco kinetics for
Arabidopsis presented previously (Walker et al., 2013) and Vcmax calculated from
the initial slope of A-Ci curves reported in Table I for 277 mmol m22 s21. The rate of
NO3

2 assimilation was assumed to be 0.17 mmol m22 s21, as measured in hy-
droponically grown Arabidopsis grown under similar conditions (A. Gandin,
unpublished data). For high-light treatments, rates of CEF were predicted in two
ways: (1) from vc and vo using Equations 2 and 3, and (2) using Equations 9 and 10
from gas exchange parameterized with G* and Rd for each feeding form.

Statistics

Student’s t tests were performed using Statistix 9 (Analytical Software)
with significance determined as P , 0.05. The repeated-measures ANOVA for
high-light data was performed using SAS version 9.2 (SAS Institute). The
Kenward-Roger approximation was applied to correct the denominator for
degrees of freedom (Arnau et al., 2009).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Rates of linear electron flow in response to sub-
saturating light intensities measured using a multiphase flash (LEFMPF)
from the LI-COR 6400XT and an in vivo spectroscope (LEFspec).
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