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The plant respiratory electron transport chain (ETC) 
is branched, such that electrons in the ubiquinone pool 
can be passed to oxygen through the usual cytochrome 
(cyt) pathway (involving complex III, cyt c, and cyt 
oxidase) or via alternative oxidase (AOX; Plaxton and 
Podestá, 2006; Noctor et al., 2007; Millar et al., 2011; 
Del-Saz et al., 2018; Selinski et al., 2018). Unlike the cyt 
pathway, electron flow through AOX is not coupled 
to proton translocation across the inner mitochondrial 
membrane and, hence, does not support ATP synthe-
sis. This distinct property of AOX respiration could be 
useful in contending with cellular energy imbalances 
that result in too high an ATP/ADP ratio, too high 
an NAD(P)H/NAD(P)+ ratio, or both (Vanlerberghe, 

2013). For example, if increases in AOX activity are ac-
companied by decreases in cyt oxidase activity, then  
it is possible to simultaneously increase respiratory 
NAD(P)H turnover and decrease respiratory ATP yield.

In recent years, AOX knockdown/knockout plants 
have been used to evaluate the impact of AOX respira-
tion on photosynthetic metabolism, which can be prone 
to energy imbalances, for example due to changes in ir-
radiance or CO2 availability. In many of these studies, 
short-term increases in irradiance were used to rapidly  
challenge chloroplast energy balance. Yoshida et al. 
(2011a) showed that such an irradiance shift rapidly in-
creased the reduction state of both the chloroplast plas-
toquinone and mitochondrial ubiquinone pools and 
that the change in both pools was exaggerated in an 
Arabidopsis (Arabidopsis thaliana) aox1a knockout com-
pared with the wild type. That study and others have 
shown that a lack of AOX during such short-term irra-
diance shifts can perturb photosynthesis and perhaps 
increase the risk of photodamage (Zhang et al., 2010; 
Florez-Sarasa et al., 2011, 2016; Yoshida et al., 2011a, 
2011b; Vishwakarma et al., 2014; Watanabe et al., 2016). 
On the other hand, current evidence from studies of 
AOX knockout/knockdown Arabidopsis and tobacco  
(Nicotiana tabacum) plants suggests that AOX is not 
essential in maintaining photosynthetic performance 
following a long-term increase in irradiance (Yoshida  
et al., 2011a, 2011b; Dahal et al., 2017).

AOX becomes a more prominent component of res-
piration when plants experience a water deficit, as 
seen in soybean (Glycine max; Ribas-Carbo et al., 2005) 
and Nicotiana sylvestris (Galle et al., 2010). Water deficit  
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challenges chloroplast energy balance, since the clo-
sure of stomata, meant to reduce water loss, also re-
stricts CO2 supply to the Calvin cycle. Under water 
deficit, the fraction of closed (reduced) PSII reaction 
centers was higher in tobacco AOX knockdowns and 
lower in AOX overexpressors when compared with the 
wild type, indicating that AOX respiration had a role in 
maintaining chloroplast energy balance (Dahal et al., 
2014, 2015). Subsequently (i.e. as water deficit became 
more severe), the knockdowns displayed a greater loss 
of chloroplast ATP synthase protein compared with 
the wild type, whereas the overexpressors lost less. 
When severe enough, this loss reduced photosynthesis 
to rates below those caused by the reduced CO2 avail-
ability under water deficit (Dahal et al., 2014). A water 
deficit-induced biochemical limitation of photosynthe-
sis, due to the loss of ATP synthase, has been seen in 
several plant species, suggesting that it is a common 
phenomenon (Tezara et al., 1999; Kohzuma et al., 2009; 
Hoshiyasu et al., 2013; Dahal et al., 2014). While the 
specific signal(s) that triggers the decline of ATP syn-
thase remains elusive, it clearly relates to AOX respi-
ration and its ability to maintain chloroplast energy  
balance (Dahal and Vanlerberghe, 2018). Furthermore, 
the importance of AOX is evident during both short-
term (Dahal et al., 2014) and long-term (Dahal and 
Vanlerberghe, 2018) water deficit. During long-term 
water deficit, improved photosynthetic performance 
due to AOX respiration positively impacts overall 
growth (Dahal and Vanlerberghe, 2018).

Growth at elevated concentrations of atmospheric 
CO2 (ECO2) has a major impact on C3 photosynthe-
sis (Harley et al., 1992; Socias et al., 1993; Sage, 1994; 
Drake et al., 1997; Long et al., 2004; Ainsworth and 
Rogers, 2007; Leakey et al., 2009a, 2012). For example, 
ECO2 increases the rate of CO2 fixation relative to that 
of photorespiration due to a promotion of the carboxy-
lase activity and suppression of the oxygenase activity 
of Rubisco (Ehlers et al., 2015). This shift has a num-
ber of consequences for carbon and energy metabo-
lism. First, the Calvin cycle demand for ATP relative 
to NADPH is lower under nonphotorespiratory than 
photorespiratory conditions (Kramer and Evans, 2011), 
meaning that growth at ECO2 reduces this demand, all 
else being equal. This reduced demand for ATP might, 
in turn, reduce reliance on cyclic electron transport 
(CET) as a means to supplement the chloroplast sup-
ply of ATP relative to NADPH (Foyer et al., 2012). Sec-
ond, increased net CO2 assimilation (A) at ECO2 could 
increase the carbohydrate status of the plant, which 
could have numerous potential downstream effects on  
metabolism, growth, and development (Paul and Foyer,  
2001; MacNeill et al., 2017). Third, a reduction in pho-
torespiratory Gly oxidation in mitochondria could  
reduce the need for NADH turnover by the mitochon-
drial ETC (Oliver and Gardeström, 2004). Some stud-
ies suggest that this turnover is preferentially linked 
to AOX respiration (Igamberdiev et al., 1997). Fourth, 
there is evidence that growth at ECO2 increases leaf 
amounts of hydrogen peroxide (H2O2; Cheeseman, 

2006) and leaf protein carbonylation (Qiu et al., 2008). 
These results may seem surprising, since ECO2 sup-
presses photorespiration, a dominant source of H2O2. 
On the other hand, disruptions in metabolism by ECO2, 
such as those described above, might cause energy im-
balances that then promote H2O2 generation from other  
sources, such as the photosynthetic and respiratory 
ETCs (Møller, 2001; Asada, 2006). Given the impacts 
of ECO2 on carbon and energy metabolism described 
above, as well as others, it is possible that growth at 
ECO2 alters the interactions that occur between photo-
synthesis and respiration. These interactions act in part 
to optimize photosynthetic metabolism under different  
growth conditions (Hoefnagel et al., 1998; Raghavendra  
and Padmasree, 2003; Sweetlove et al., 2006; Tcherkez  
et al., 2012; Gandin et al., 2014; Gardeström and  
Igamberdiev, 2016; Dahal and Vanlerberghe, 2018).

Surprisingly, only a few studies have examined the 
response of AOX to growth at ECO2. Gandin et al. 
(2009) found that growth at ECO2 increased AOX pro-
tein and capacity, as well as overall respiration rate, in 
the sink (bulb) tissue of Erythronium americanum. They 
suggested that this acted to prevent a buildup of carbo-
hydrate in this sink-limited species under conditions 
where carbohydrate supply by photosynthesis was be-
ing stimulated by the ECO2. In another study, using the 
Crassulacean acid metabolism plant Opuntia ficus-indica, 
growth at ECO2 was associated with both a decrease 
in cyt oxidase activity and an increase in AOX activity, 
as measured in the dark using the noninvasive oxygen 
isotope discrimination technique (Gomez-Casanovas 
et al., 2007). In Arabidopsis, a high irradiance-induced 
rapid increase in AOX1A transcript amount could be 
enhanced further if accompanied by transfer to ECO2 
(Yoshida and Noguchi, 2009). A short-term transfer of 
tobacco to ECO2 also increased AOX protein amount, 
relative to that of cyt oxidase subunit II (Wang et al., 
2014), and AOX transcripts increased in tomato (So-
lanum lycopersicum) plants following transfer to ECO2 
(Li et al., 2013). Another study used an Arabidopsis 
aox1a knockout to investigate how the absence of AOX 
impacted the response of photosynthesis to instanta-
neous changes in CO2 amount (i.e. measurement con-
centrations of CO2). In this case, A at saturating CO2 
and irradiance was slightly lower in the knockout 
compared with the wild type (Gandin et al., 2012). 
Another interesting study compared Arabidopsis hy-
brids selected for high seed yield at 700 μmol mol−1 
CO2 with those selected for high seed yield at 200 μmol 
mol−1 CO2. When the respiration of both sets of plants 
was compared under equivalent conditions (i.e. at a 
growth and measurement CO2 concentration of 360 
μmol mol−1), those that had been selected for high seed 
yield at 700 μmol mol−1 showed higher AOX activity 
than those that had been selected for high seed yield at 
200 μmol mol−1 CO2 (Gonzàlez-Meler et al., 2009).

The above studies that investigated AOX respiration 
variously at the transcript, protein, and activity lev-
els collectively suggest that this respiratory pathway 
can respond dynamically to short-term and long-term 
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changes in atmospheric CO2. However, we are unaware 
of any studies utilizing AOX knockdown/knockout or 
overexpression plants to investigate the significance 
of such respiratory changes during long-term growth 
at ECO2. This represents a major gap in our under-
standing of carbon and energy metabolism in a future 
ECO2 world (Gifford, 2003; Gonzalez-Meler et al., 2004;  
Atkin et al., 2010; Wang et al., 2014; Tcherkez et al., 2017). 
Hence, we compared wild-type tobacco with transgen-
ic AOX knockdown and overexpression lines, follow-
ing their growth and development from germination, 
in either ambient concentrations of atmospheric CO2 
(ACO2) or ECO2. Since AOX is known to interact with 
photosynthesis (see above), this study focused on the 
metabolism of a mature source leaf. The results show 
that AOX amount has little influence on photosynthe-
sis in well-watered plants grown at ACO2 but becomes 
essential in maintaining carbon and energy balance in 
plants grown at ECO2. The results also indicate that the 
role of tobacco AOX in supporting photosynthetic me-
tabolism at ECO2 is clearly distinct from its previously 
described role in supporting photosynthesis during 
water deficit.

RESULTS

Tobacco (wild type, AOX knockdown [RI9 and 
RI29], and AOX overexpression [B7 and B8] lines) were 
germinated and grown at either ACO2 or ECO2. As ex-
pected, ECO2-grown plants had higher concentrations 
of CO2 in the leaf intercellular air space (Ci) and at the 
site of Rubisco (Cc) than ACO2-grown plants when 
measured at their respective growth CO2 concentra-
tions (Supplemental Fig. S1). The ECO2-grown plants 
also displayed a lower stomatal conductance and me-
sophyll conductance than the ACO2-grown plants, 
again when measured at their respective growth CO2 
concentrations. Similar trends were seen whether the 
plants were measured at their growth irradiance (pho-
tosynthetic photon flux density of 700 µmol m−2 s−1 [700 
PPFD]) or a saturating irradiance (1,600 PPFD). How-
ever, regardless of measurement or growth conditions, 
none of the above-mentioned parameters differed 
across the five plant lines differing in AOX amount 
(Supplemental Fig. S1).

Under well-watered conditions, the relative water 
content (RWC) of leaf 5 was 88% in ACO2-grown and 
91% in ECO2-grown wild-type plants (Supplemen-
tal Fig. S2A). When water was withheld from ACO2-
grown wild-type plants for 5 d, RWC dropped to 73%, 
which was described previously as a moderate water 
deficit (Dahal and Vanlerberghe, 2017; Supplemen-
tal Fig. S2B). A similar RWC (75%) could be achieved 
in the ECO2-grown wild-type plants by withholding 
water for an additional day (i.e. 6 d). Hence, compar-
ing ACO2-grown plants following 5 d of withholding 
water with ECO2-grown plants following 6 d of with-
holding water provided a comparison of the two sets 
of plants under equivalent moderate water deficit  

conditions. Furthermore, the AOX knockdowns and 
overexpressors displayed a similar RWC to the wild type, 
regardless of growth condition (Supplemental Fig. S2).

AOX protein amount was 2.4-fold higher in leaf 5 
of well-watered wild-type plants grown at ECO2 com-
pared with ACO2 (Fig. 1). In response to moderate wa-
ter deficit, AOX amount in wild-type plants increased 
severalfold, regardless of growth CO2 concentration. 
As expected, AOX knockdown lines (RI9 and RI29) 
had much lower AOX amounts and AOX overexpres-
sion lines (B7 and B8) had much higher AOX amounts, 
compared with the wild type, regardless of growth 
condition (Fig. 1). Representative western blots are 
shown in Supplemental Figure S3. As described below, 
the different plant lines were compared with one an-
other under each of the four growth conditions (ACO2, 
well watered; ECO2, well watered; ACO2, water deficit; 
and ECO2, water deficit).

Simultaneous gas exchange and chlorophyll a fluo-
rescence were used to characterize photosynthesis. Fig-
ure 2, A to E, shows CO2 response curves for A (i.e. A/
Ci curves) for each of the five plant lines under each of 
the four growth conditions. In well-watered plants, the 
wild type and AOX overexpressors displayed slightly  
higher maximal A rates (the rates at high Ci) when 
grown at ECO2 compared with ACO2 (Fig. 2, A–C). 
Furthermore, A in these lines was not truly maximal 
but rather continued to increase incrementally with in-
creasing Ci, regardless of growth CO2. However, in the 

Figure 1. Amounts of AOX protein in leaf 5 of wild-type and trans-
genic tobacco. Plants were grown at ACO2 or ECO2 and either well 
watered or experiencing a moderate water deficit. Data are presented 
for the wild type (WT; gray bars), combined AOX overexpressors (OE) 
B7 and B8 (black bars), and combined AOX knockdowns (KD) RI9 
and RI29 (white bars). The AOX protein amounts are all relative to 
the amount in well-watered ACO2-grown wild-type plants, which was 
set to 1. Each experiment included single individuals for each plant 
line and growth condition. Data are means ± se of three independent 
experiments (n = 3).
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AOX knockdowns, A at high Ci was lower in the ECO2-
grown plants than in the ACO2-grown plants (Fig. 2, 
D and E). Furthermore, A in the ECO2-grown knock-
downs appeared to level off to a true maximum at high 
Ci. Similar results were evident when A was plotted as 
a function of Cc rather than Ci (Supplemental Fig. S4).

In well-watered wild-type and overexpression lines, 
the electron transport rate (ETR) through PSII at high 
Ci was similar for plants grown at ACO2 or ECO2 (Fig. 2, 
F–H). However, in the knockdowns, ETR at high Ci 
was noticeably lower in the plants raised at ECO2 (Fig. 
2, I and J). In all plant lines, nonphotochemical energy 
quenching (NPQ) declined with increasing Ci (Fig. 2, 
K–O). In well-watered wild-type plants, the minimum 
NPQ (i.e. NPQ at high Ci) was similar, regardless of 
growth CO2, while in the overexpressors, ECO2-grown 
plants exhibited a slightly lower minimum NPQ than 
ACO2-grown plants (Fig. 2, K–M). The opposite was 

seen in knockdowns, where it was the ACO2-grown 
rather than the ECO2-grown plants that exhibited the 
lowest minimum NPQ (Fig. 2, N and O). This was 
particularly so in RI29, which displays the strongest 
reduction of AOX protein amount of these two knock-
downs (Wang et al., 2011). As with NPQ, PSII excitation 
pressure (1 − qP; the fraction of closed [reduced] PSII 
reaction centers) declined with increasing Ci (Fig. 2,  
P–T). In the well-watered overexpression plants, the 
minimum 1 − qP was similar between plants grown at 
ACO2 or ECO2, while wild-type plants had a slightly  
lower minimum 1 − qP when grown at ACO2 than 
ECO2 (Fig. 2, P–R). This trend was exaggerated further 
in the knockdowns, particularly RI29 (Fig. 2, S and T).

In all plant lines, A at high Ci was suppressed by 
the water deficit (Fig. 2, A–E). In the wild type and 
knockdowns, A at high Ci was lower in the ECO2- than 
in the ACO2-grown plants (Fig. 2, C–E), while in the  

Figure 2. Photosynthetic parameters in leaf 5 of tobacco. CO2 response curves are shown for A (A–E), ETR (F–J), NPQ (K–O), 
and 1 − qP (P–T) in B8 (A, F, K, and P), B7 (B, G, L, and Q), the wild type (C, H, M, and R), RI9 (D, I, N, and S), and RI29 (E, J, 
O, and T). Data are shown for well-watered ACO2-grown plants (white circles), well-watered ECO2-grown plants (black circles), 
ACO2-grown plants experiencing a moderate water deficit (white squares), and ECO2-grown plants experiencing a moderate 
water deficit (black squares). Measurements were done at saturating irradiance (1,600 PPFD). Each experiment included single 
individuals for each plant line and growth condition. Data are means ± se of five independent experiments (n = 5).
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overexpressors (particularly B8), this difference was 
less evident (Fig. 2, A and B). In both ACO2- and 
ECO2-grown plants, A at high Ci depended upon AOX 
amount. Comparing lines, the AOX overexpressors 
had the highest A, and A in these lines continued to 
creep upward, even at the highest Ci. The knockdowns 
had the lowest A, and A in these lines came to a max-
imum at intermediate Ci and even began to decline at 
the highest Ci levels. Wild-type plants showed an inter-
mediate response. The differences in A across lines un-
der water deficit were mirrored by differences in ETR 
(Fig. 2, F–J). In the knockdowns, ETR also came to a 
maximum at intermediate Ci and then began to decline 
at higher Ci (Fig. 2, I and J).

In all plant lines, NPQ under water deficit was higher 
in ECO2- than in ACO2-grown plants and higher than 
in the well-watered condition (Fig. 2, K–O). Under wa-
ter deficit, NPQ depended upon AOX amount in both 
ACO2- and ECO2-grown plants. At high Ci, the over-
expressors displayed a lower NPQ than the wild type. 
This was particularly the case in ECO2-grown plants, 
where NPQ in the wild type began to increase again at 
the highest Ci. The knockdowns displayed the highest 
NPQ values across plant lines, in part because NPQ in 
these lines began to increase again at intermediate Ci in 
both ACO2- and ECO2-grown plants (Fig. 2, K–O). In 
the wild type, 1 − qP at high Ci was higher under wa-
ter deficit than under the well-watered condition and 
slightly higher following growth at ECO2 than ACO2 
(Fig. 2R). These effects were exaggerated further in the 
knockdowns (Fig. 2, S and T). Remarkably, the overex-
pressors always displayed a similar low 1 − qP at high 
Ci, regardless of growth condition (Fig. 2, P and Q).

The CO2 response curves were used to calculate 
the maximum carboxylation capacity (Vcmax), the 
maximum capacity for ribulose 1,5-bisphosphate re-
generation (Jmax), and the maximum capacity for tri-
ose phosphate use (TPU; Sharkey et al., 2007). There 
were no differences in Vcmax or Jmax across plant lines 
when well watered, regardless of growth CO2 (Fig. 3). 
In ACO2-grown plants, there also was no difference 
in TPU across lines. However, in ECO2-grown plants, 
the knockdowns (particularly RI29) displayed a lower 
TPU than the wild type and overexpressors. This was 
because, while the TPU of wild-type and overexpres-
sion plants increased slightly in response to growth at 
ECO2, the TPU of both knockdowns responded in the 
opposite manner (Fig. 3).

In plants experiencing water deficit, both Vcmax and 
TPU were higher in the overexpressors and lower in 
the knockdowns compared with the wild type (Fig. 3).  
These differences were most pronounced in ECO2-
grown plants but also were evident in ACO2-grown 
plants. Vcmax and TPU were 24% and 20% higher, re-
spectively, in the ECO2-grown overexpressors (aver-
age of the two lines) than in the wild type. Conversely, 
Vcmax and TPU were 22% and 28% lower, respectively, 
in the ECO2-grown knockdowns (average of the two 
lines) than in the wild type. There were no significant 
differences in Jmax across plant lines, although the trend 

was similar to that of Vcmax and TPU, particularly in 
ECO2-grown plants (Fig. 3).

Two additional approaches were taken to examine 
whether photosynthesis in the well-watered ECO2-
grown knockdowns was more prone to be TPU limited 
than in the other plant lines. First, A measured in 21% 
oxygen was compared with that measured in 2% ox-
ygen. For ACO2-grown plants, A measured at 2% ox-
ygen and high Ci was greater than that measured at 
21% oxygen and high Ci, regardless of plant line (Fig. 4,  
A–E). The enhanced A was due to the suppression of 
photorespiration at 2% oxygen. However, in ECO2-
grown plants, only the overexpressors and the wild 
type showed such stimulation at high Ci (Fig. 4, F–H). 
In the knockdowns, 2% oxygen did not increase A at 
high Ci (Fig. 4, I and J), consistent with A in these plants 
being TPU limited at high Ci and, hence, unable to in-
crease A, despite the suppression of photorespiration 
(Sharkey, 1985; Yang et al., 2016).

The A measured at 21% oxygen was again compared 
with that measured at 2% oxygen but for plants expe-
riencing water deficit. At high Ci, the overexpressors 
continued to display higher A at 2% oxygen than 21% 
oxygen, particularly following growth at ACO2 but 
also ECO2 (Supplemental Fig. S5, A, B, F, and G). How-
ever, the other plant lines showed no stimulation of A 
at high Ci by 2% oxygen, regardless of growth at ACO2 
or ECO2 (Supplemental Fig. S5).

Supplemental Figure S6 summarizes, from CO2 re-
sponse curves, the A rates measured at the highest at-
mospheric concentration of CO2(Ca) tested (1,200 µmol 
mol−1) and when measured at either 21% or 2% oxy-
gen. In well-watered ACO2-grown plants, there were 
no differences in A across plant lines, regardless of the 
measurement oxygen concentration (Supplemental 
Fig. S6, A and B). In well-watered ECO2-grown plants, 
A was lower in the knockdowns than in other plant 
lines, and the magnitude of this difference was greater 
at 2% than 21% oxygen (Supplemental Fig. S6, A and 
B). Under water deficit, the overexpressors and knock-
downs maintained higher and lower A rates, respec-
tively, than the wild type, regardless of the growth CO2 
concentration or measurement oxygen concentration 
(Supplemental Fig. S6, C and D). Figure 5 plots these  
A data as a function of AOX protein amount in the 
plant lines.

Another approach to examine whether photosyn-
thesis in the well-watered ECO2-grown knockdowns 
was more prone to TPU limitation than the other plant 
lines was to measure A at growth irradiance and CO2 
concentration but over a wide temperature range. TPU 
is known to be more sensitive to low temperature than 
either Vcmax or Jmax (Sharkey and Bernacchi, 2012). At 
higher measurement temperatures (25°C–45°C), the 
knockdowns maintained a slightly lower A than the 
wild type and overexpressors, regardless of the growth 
CO2 (Fig. 6). At lower temperatures (5°C–20°C), all 
lines displayed similar A when grown at ACO2 (Fig. 6A). 
However, in ECO2-grown plants, the knockdowns had 
much lower A at lower temperatures than the other 
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lines. For example, at 15°C, A was 20 μmol CO2 m
−2 s−1  

in the wild type, 20.3 μmol CO2 m−2 s−1 in the over-
expressors (average of the two lines), and 12.9 μmol  
CO2 m−2 s−1 in the knockdowns (average of the two 
lines; Fig. 6B). This result is consistent with a lower 
TPU capacity in the ECO2-grown knockdowns than in 
the other plant lines when measured at growth irradi-
ance and CO2 concentration.

In well-watered plants, PsbA (D1 reaction center 
protein of PSII) protein amount was similar between 
ACO2- and ECO2-grown plants and did not differ across 
plant lines (Fig. 7A). PsaA (a reaction center protein of 
PSI) amount also was similar between well-watered 
ACO2- and ECO2-grown plants and across plant lines, 
but with one notable exception. PsaA amount in the 
ECO2-grown knockdowns was 1.7-fold that of the wild 

type and 2-fold that of the overexpressors grown under 
the same condition (Fig. 7B). PsbS (a PSII-associated  
sensor of lumen pH necessary for NPQ induction) 
amount was slightly lower in well-watered plants 
grown at ECO2 compared with ACO2 but did not dif-
fer in either condition across plant lines (Fig. 7C). Cyt f 
(the c-type cyt subunit of the cyt b6f complex) amount 
was similar between well-watered ACO2- and ECO2-
grown plants and did not differ across plant lines (Fig. 
7D). Interestingly, the amounts of AtpB (the β-subunit 
of the F1 catalytic subcomplex of ATP synthase) and 
RbcS (small subunit of Rubisco) displayed similar pat-
terns in well-watered plants. While both proteins de-
clined slightly in the wild type and overexpressors at 
ECO2 compared with ACO2, both increased slightly in 
the knockdowns. As a result, AtpB and RbcS amounts 

Figure 3. Photosynthetic parameters in leaf 5 of tobacco. Plants were grown at ACO2 or ECO2 and either well watered (A–C) or 
experiencing a moderate water deficit (D–F). A and D, Vcmax. B and E, Jmax. C and F, TPU. Data are presented for the wild type 
(WT; gray bars), AOX overexpressors (B8, left black bars; B7, right black bars), and AOX knockdowns (RI9, left white bars; RI29, 
right white bars). These data are calculated from the A/Ci curves shown in Figure 2. Each experiment included single individuals 
for each plant line and growth condition. Data are means ± se of five independent experiments (n = 5). Within a growth condi-
tion, plant lines not sharing a common letter are significantly different from one another (P < 0.05). In data sets without letters, 
there are no significant differences across plant lines.
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were 1.3- and 1.2-fold, respectively, in the ECO2-grown 
knockdowns compared with the wild type (Fig. 7, E 
and F). Under water deficit, there were again no differ-
ences in PsbA or cyt f protein amount across the plant 

lines, regardless of growth CO2 (Fig. 7, A and D). How-
ever, large differences were seen for the other proteins. 
Regardless of growth CO2, PsaA and PsbS were higher 
in the knockdowns and lower in the overexpressors  

Figure 4. CO2 response curves for A in leaf 5 of well-watered tobacco. Plants were grown at ACO2 (A–E) or ECO2 (F–J). Data 
are presented for B8 (A and F), B7 (B and G), the wild type (WT; C and H), RI9 (D and I), and RI29 (E and J). A was measured 
in an atmosphere of either 21% oxygen (black circles) or 2% oxygen (white circles). Measurements were done at saturating 
irradiance (1,600 PPFD). Each experiment included single individuals for each plant line and growth condition. Data are means 
± se of three independent experiments (n = 3).

Figure 5. Effect of AOX protein amount on maximal net CO2 assimilation rate (Amax) of tobacco. Plants were grown at ACO2 or 
ECO2 and either well watered or experiencing a moderate water deficit. Measurements were done in an atmosphere of either 
21% oxygen (A) or 2% oxygen (B). Data are shown for well-watered ACO2-grown plants (white circles), well-watered ECO2-
grown plants (black circles), ACO2-grown plants experiencing a moderate water deficit (white squares), and ECO2-grown plants 
experiencing a moderate water deficit (black squares). Within each growth condition, the left-most data point is the average of 
RI9 and RI29 (AOX knockdown) plants, the middle data point is wild-type plants, and the right-most data point is the average 
of B7 and B8 (AOX overexpression) plants. This figure is based on the AOX protein amount data shown in Figure 1 and the CO2 
assimilation values shown in Supplemental Figure S6. Data are means ± se.
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compared with the wild type (Fig. 7, B and C). On the 
other hand, AtpB and RbcS were lower in the knock-
downs and higher in the overexpressors compared 
with the wild type (Fig. 7, E and F). For all of the 
above-described proteins, representative western blots 
are shown in Supplemental Figure S3.

In well-watered plants grown at ACO2, the rate of 
CET was similar across plant lines (Fig. 8A). However,  
at ECO2, the knockdowns maintained higher CET rates 
than the wild type across a wide range of irradiance 
(Fig. 8B). Under water deficit, the knockdowns main-
tained higher rates of CET and the overexpressors 
maintained lower rates of CET than the corresponding 
wild-type plants, regardless of growth CO2 (Fig. 8, C 
and D).

In well-watered plants, hexose (Glc and Fru) amounts 
were similar between ACO2- and ECO2-grown plants 
and across plant lines (Fig. 9, A and B). Hexose phos-
phates (Glc-6-P and Fru-6-P) also were similar across 
lines, but only for plants grown at ACO2 (Fig. 9, C and 
D). At ECO2, the knockdowns displayed higher Glc-6-P 
and Fru-6-P amounts than wild-type or overexpression 
plants. Glc-6-P was 1.6- and 2-fold in RI9 and RI29,  
respectively, compared with the wild type (Fig. 9C). 

Fru-6-P was 1.2- and 1.7-fold in RI9 and RI29, respectively,  
compared with the wild type (Fig. 9D). In the wild 
type, Suc and starch amounts were similar between 
well-watered plants grown at ACO2 and ECO2 (Fig. 10, 
A and B). Suc and starch also were similar across lines, 
but only at ACO2. At ECO2, Suc was 1.2- and 1.3-fold 
in RI9 and RI29, respectively, compared with the wild 
type (Fig. 10A) At ECO2, starch was 1.3- and 1.7-fold in 
RI9 and RI29, respectively, compared with wild type 
(Fig. 10B).

In ACO2-grown plants experiencing water deficit, 
none of the hexoses, hexose phosphates, Suc, or starch 
differed across plant lines (Figs. 9, E–H, and 10, C and 
D). Under ECO2, there was a slightly higher amount 
of hexose phosphates in one knockdown (RI29) than 
in the other plant lines. However, the large differenc-
es that had been seen in hexose phosphates, Suc, and 
starch between the knockdowns and other plant lines 
when grown at ECO2 and well watered were largely 
absent under water deficit (Figs. 9 and 10).

In well-watered ECO2-grown plants, hexose phos-
phates, particularly Glc-6-P, were higher in knock-
downs than in the wild type (see above). We hypoth-
esized that this might limit inorganic phosphate (Pi) 
availability in the knockdowns, thereby restricting 
chloroplast ATP synthase activity. To examine this 
possibility, a dark interval relaxation kinetics (DIRK) 
analysis (Cruz et al., 2005; Baker et al., 2007) was per-
formed at growth irradiance and CO2 concentration. In 
well-watered ACO2-grown plants, the proton motive 
force (pmf) across the thylakoid membrane (measured 
as ECSt), the chemical potential (∆pH) component of 
pmf (measured as ECSinv), and the electrical poten-
tial (∆ψ) component of pmf (measured as ECSss) did 
not differ across plant lines (Fig. 11, A–C). However, 
in ECO2-grown plants, ∆pH was higher in the knock-
downs than in the wild type (1.7- and 1.9-fold in RI9 
and RI29, respectively). This resulted in a higher pmf in 
the knockdowns than in the wild type, since there was 
no difference in ∆ψ across plant lines (Fig. 1, A–C). The 
DIRK analysis also estimated the rate of proton flux 
from stroma to lumen (vH+) and the conductance of the 
chloroplast ATP synthase to proton movement from 
lumen to stroma (gH+). In well-watered ACO2-grown 
plants, there were no differences in vH+ or gH+ across 
plant lines (Fig. 12, A and B). In ECO2-grown plants, 
vH+ was similar across plant lines, but gH+ was 23% 
lower in RI9 and 34% lower in RI29 compared with the 
wild type (Fig. 12, A and B). This reduced proton con-
ductivity was evident despite the knockdowns having 
higher amounts of ATP synthase protein (measured as 
AtpB) than the wild type (Fig. 7E).

The DIRK analyses were repeated with plants ex-
periencing water deficit. When measured at growth 
irradiance and CO2 concentration, ECO2-grown knock-
downs maintained a larger ∆pH than the wild type, 
similar to the results seen with well-watered plants 
(Fig. 11E). However, under water deficit, also the 

Figure 6. Temperature response curves for A in leaf 5 of well-watered 
tobacco. Plants were grown at ACO2 (A) or ECO2 (B). Data are presented  
for the wild type (WT; gray circles), B7 (black triangles), B8 (black 
squares), RI9 (white triangles), and RI29 (white squares). Measure-
ments were done at growth irradiance (700 PPFD), growth Ca (i.e. 400 
or 1,000 µmol mol−1), and the temperature indicated. Each experiment 
included single individuals for each plant line and growth condition. 
Data are means ± se of two independent experiments (n = 2).
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ACO2-grown knockdowns maintained a larger ∆pH 
than the wild type, as described before (Dahal and 
Vanlerberghe, 2018). Furthermore, the overexpressors 
now tended to maintain a smaller ∆pH than the wild 
type under both growth CO2 conditions, although this 
effect was not significant (Fig. 11E). The differences in 
∆pH across plant lines translated into similar differ-
ences in pmf (Fig. 11D), while ∆ψ did not differ across 
lines in either ACO2- or ECO2-grown plants (Fig. 11F). 
In ECO2-grown plants experiencing water deficit, the 
knockdowns had a lower gH+ and the overexpres-
sors had a higher gH+ than the wild type (Fig. 12D). A 
similar trend was evident in the ACO2-grown plants, 
although the results were more variable. There were 
no differences in vH+ across plant lines, regardless of 
growth CO2 (Fig. 12C).

The DIRK analyses were repeated at saturating irra-
diance (1,600 PPFD) and at both the growth CO2 con-
centrations (i.e. 400 and 1,000 μmol mol−1) and a satu-
rating CO2 concentration (1,200 μmol mol−1). For both 
well-watered plants (Supplemental Figs. S7 and S8) 
and plants experiencing water deficit (Supplemental 

Figs. S9 and S10), these analyses yielded similar results 
to all those described above, except that the previously 
observed differences in ∆pH, pmf, and gH+ across plant 
lines were, in many cases, exaggerated even further. 
Interestingly, under the most saturating measurement 
conditions (1,600 PPFD and 1,200 µmol mol−1 CO2), 
ECO2-grown plants under water deficit also displayed 
some difference in vH+ across lines (Supplemental  
Fig. S10C).

For well-watered plants, there were no differences 
in respiration rate in the dark (RD) or light (RL) across 
plant lines, regardless of the growth CO2 (Fig. 13, A and 
B). There was a slightly lower RL in the ECO2-grown 
knockdowns (particularly RI29) compared with the 
other plant lines, but this was not statistically signifi-
cant (Fig. 13B). During water deficit, there were no dif-
ferences in RD across plant lines, regardless of growth 
CO2 (Fig. 13C). However, RL tended to be higher in 
overexpressors and lower in knockdowns compared 
with the wild type. This was most evident in ECO2-
grown plants but also was seen following growth at 
ACO2 (Fig. 13D). The RL/RD ratio also differed across 
plant lines during water deficit, while such a trend 

Figure 7. Photosynthetic protein amounts in leaf 5 of tobacco. Plants were grown at ACO2 or ECO2 and either well watered or 
experiencing a moderate water deficit. Shown are the protein amounts of PsbA (A), PsaA (B), PsbS (C), cyt f (D), AtpB (E), and 
RbcS (F). Data are presented for the wild type (WT; gray bars), combined AOX overexpressors (OE) B7 and B8 (black bars), and 
combined AOX knockdowns (KD) RI9 and RI29 (white bars). The protein amounts are all relative to the amount in well-watered 
ACO2-grown wild-type plants, which was set to 1. Each experiment included single individuals for each plant line and growth 
condition. Data are means ± se of three independent experiments (n = 3). Within a growth condition, plant lines not sharing 
a common letter are significantly different from one another (P < 0.05). In data sets without letters, there are no significant 
differences across plant lines.
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was not evident in well-watered plants (Supplemental  
Fig. S11).

DISCUSSION

There is a paucity of data on how AOX respiration 
will respond in a future ECO2 world. Wild-type tobacco  
plants that were germinated and grown long term at 
ECO2 displayed more than double the AOX protein 
amount in source leaves of comparable plants grown 
at ACO2 (Fig. 1). A comparison of wild-type plants 
with multiple AOX knockdown and overexpression 
lines revealed that AOX substantially influences the 
carbon and energy metabolism of ECO2-grown plants.

During Growth at ECO2, AOX Respiration Contributes to 
TPU Capacity and Supports Chloroplast ATP  
Synthase Activity

The growth of plants at ECO2 can result in carbo-
hydrate accumulation, which then can act as a signal 
to down-regulate the capacity of the photosynthetic 
apparatus (Paul and Foyer, 2001; Long et al., 2004). 
However, whether such carbohydrate accumulation 
and subsequent photosynthetic acclimation occurs 
is dependent upon numerous variables such as nu-
trient availability, sink strength, and even pot size 
(Sage, 1994; Geiger et al., 1999; Paul and Foyer, 2001; 

Ainsworth and Rogers, 2007; Ruiz-Vera et al., 2017). In 
this work, carbohydrate (hexoses, hexose phosphates, 
Suc, and starch) amounts were only marginally higher  
in well-watered wild-type tobacco plants grown at 
ECO2 compared with ACO2 (Figs. 8 and 9). There also 
was no indication that photosynthetic capacity had 
been reduced at ECO2 compared with ACO2. For exam-
ple, the amount of most photosynthetic proteins exam-
ined was similar between the two growth conditions 
(Fig. 7), as were Vcmax, Jmax, and TPU values (Fig. 3).  
These values were actually marginally higher in the 
ECO2-grown plants. Hence, we conclude that, under 
the study conditions, there was no particular propen-
sity for photosynthetic acclimation in the wild-type 
plants due to growth at ECO2.

Following growth at ACO2, there were no differences  
in photosynthetic parameters (e.g. Vcmax, Jmax, TPU, 
and amounts of photosynthetic proteins) between 
well-watered wild-type, AOX overexpression, and 
AOX knockdown plants, indicating that AOX amount 
had little influence on photosynthesis under these con-
ditions (Figs. 3 and 7). This is consistent with a previ-
ous study, also done with well-watered ACO2-grown 
plants, which showed that photosynthesis across these 
plant lines was similar over a wide range of growth 
and measurement irradiances (Dahal et al., 2017).

At high measurement Ci, the A of the wild type or 
AOX overexpressors was slightly higher in ECO2- 
compared with ACO2-grown well-watered plants, but 

Figure 8. Rates of CET in leaf 5 of tobacco. Plants were grown at ACO2 (A and C) or ECO2 (B and D) and either well watered 
(A and B) or experiencing a moderate water deficit (C and D). Data are presented for the wild type (WT; gray circles), B7 (black 
triangles), B8 (black squares), RI9 (white triangles), and RI29 (white squares). Measurements were done at growth Ca (i.e. 400 
or 1,000 µmol mol−1). Each experiment included single individuals for each plant line and growth condition. Data are means ± 
se of three independent experiments (n = 3).
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the opposite was seen in the AOX knockdowns (Fig. 2). 
Analysis of A/Ci curves indicated a lower TPU (the ca-
pacity at which triose phosphates being generated by 
the Calvin cycle could be utilized) in the knockdowns 
than in other plant lines following growth at ECO2  
(Fig. 3). The relative insensitivity of A to low oxygen 

seen in the knockdowns (Fig. 4), as well as the increased 
sensitivity of A to low temperature seen in the knock-
downs (Fig. 6), provided additional independent 
confirmations that, during growth at ECO2, there is an 
increased propensity, in the absence of AOX, for photo-
synthesis to become TPU limited. These results suggest 

Figure 9. Carbohydrate amounts in leaf 5 of tobacco. Plants were grown at ACO2 or ECO2 and either well watered (A–D) or 
experiencing a moderate water deficit (E–H). Shown are the amounts of Glc (A and E), Fru (B and F), Glc-6-P (C and G), and 
Fru-6-P (D and H). Data are presented for the wild type (WT; gray bars), AOX overexpressors (B8, left black bars; B7, right 
black bars), and AOX knockdowns (RI9, left white bars; RI29, right white bars). Sampling was done at the midpoint of the light 
period. Each experiment included single individuals for each plant line and growth condition. Data are means ± se of three 
independent experiments (n = 3). Within a growth condition, plant lines not sharing a common letter are significantly different 
from one another (P < 0.05). In data sets without letters, there are no significant differences across plant lines. DW, Dry weight.
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that AOX respiration contributes to TPU capacity 
during growth at ECO2 and, hence, in its absence, TPU 
capacity is reduced. On the other hand, AOX overex-
pression did not increase TPU capacity or affect other 
photosynthetic parameters compared with the wild 
type. This indicates that the increased capacity for 
AOX respiration in these lines was inconsequential, at 
least for photosynthesis, and suggests that the increase 
in AOX protein amount seen in wild-type plants at 
ECO2 compared with ACO2 (greater than 2-fold) was 
sufficient to optimize photosynthesis under the new 
conditions.

Following growth at ECO2, the well-watered AOX 
knockdowns clearly had elevated amounts of hexose 
phosphates, Suc, and starch in leaf 5 (the source leaf 
being used for all of the analyses) compared with the 
other plant lines (Figs. 9 and 10). The simplest inter-
pretation of this finding is that AOX respiration acts to 
consume carbohydrates during growth at ECO2 and, 
hence, in its absence, carbohydrate accumulates. One 
possibility is that the source leaf itself is the most criti-
cal site of AOX respiration acting to prevent source leaf 
carbohydrate accumulation. However, it also is possi-
ble that AOX respiration at a sink tissue is the most 
critical site for consuming carbohydrates, which then 
acts to prevent source leaf carbohydrate accumulation 
by promoting Suc translocation to the sink. Regardless, 
the large accumulation of source leaf carbohydrate in 

the knockdowns is likely to be an important factor con-
tributing to the perturbation of photosynthesis in these 
plants.

The accumulation of hexose phosphates in the 
well-watered ECO2-grown knockdowns is particularly 
noteworthy, as this may relate directly to the reduction 
of TPU evident in these plants. A consequence of ex-
cessive sugar phosphate accumulation in the cytosol is 
that it sequesters Pi that would otherwise be returned 
to the stroma in exchange for triose phosphates, fol-
lowing consumption of the cytosolic sugar phosphates 
by Suc synthesis or by respiration (Stitt et al., 2010). In 
turn, too low Pi in the stroma could restrict ATP syn-
thase activity (Sharkey and Vanderveer, 1989; Kanazawa 
and Kramer, 2002; Takizawa et al., 2008; Kiirats et al., 
2009; Morales et al., 2018). Consistent with this pos-
sibility, the well-watered ECO2-grown knockdowns 
maintained higher pmf (ECSt) and ∆pH (ECSinv) across 
the thylakoid membrane than the other plant lines 
(Fig. 11). They also displayed lower gH+, an estimate 
of ATP synthase activity (Fig. 12). Since NPQ engages 
in response to declines in lumen pH, TPU limitation in 
the knockdown plants was associated with an increase 
in NPQ and a resultant decline in ETR, which then 
limited A (Fig. 2). Interestingly, the knockdowns dis-
played a significant increase in AtpB protein amount 
relative to the other plant lines (Fig. 7). This may repre-
sent an attempt by the knockdowns to compensate for 

Figure 10. Carbohydrate amounts in leaf 5 of tobacco. Plants were grown at ACO2 or ECO2 and either well watered (A and 
B) or experiencing a moderate water deficit (C and D). Shown are the amount of Suc (A and C) and starch (B and D). Data are 
presented for the wild type (WT; gray bars), AOX overexpressors (B8, left black bars; B7, right black bars), and AOX knockdowns 
(RI9, left white bars; RI29, right white bars). Sampling was done at the midpoint of the light period. Each experiment included 
single individuals for each plant line and growth condition. Data are means ± se of three independent experiments (n = 3). 
Within a growth condition, plant lines not sharing a common letter are significantly different from one another (P < 0.05). In 
data sets without letters, there are no significant differences across plant lines. DW, Dry weight.
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low ATP synthase activity by up-regulating ATP syn-
thase protein amount. (The ECO2-grown knockdowns 
displayed a similar but nonsignificant increase in 
RbcS protein amount relative to the other plant lines.) 
Low cytosolic and stromal Pi during TPU also should  
favor Suc and starch synthesis, respectively (Sharkey, 
1985). Indeed, both Suc and starch (especially starch) 
amounts were higher in the ECO2-grown knockdowns 
compared with the other plant lines (Fig. 10).

The above discussion explicitly implicates low stromal 
Pi as a key driver of the photosynthetic perturbations 
in the well-watered ECO2-grown AOX knockdowns. 
However, an alternative view also should be consid-
ered, one in which ATP synthase activity in the absence 
of AOX is not restricted by low Pi per se but, rather, 
by a high ATP/ADP ratio in the stroma. An important 

consequence of growth at ECO2 is that it promotes the 
carboxylase activity and suppresses the oxygenase ac-
tivity of Rubisco. As outlined in the introduction, this 
will lower demand in the chloroplast for ATP relative 
to NADPH. This reduced demand has been shown 
to reduce the expression of CET chain components at 
ECO2 (Foyer et al., 2012), consistent with the idea that 
CET acts to supplement the supply of ATP relative to 
NADPH in the chloroplast (Kramer and Evans, 2011). 
In wild-type tobacco and the AOX overexpressors, 
CET rates were indeed lower in ECO2- compared with 
ACO2-grown plants (Fig. 8). However, this was not 
the case in the knockdowns, which maintained similar 
rates of CET under the two growth conditions. It is not 
clear why the AOX knockdowns maintain higher rates 
of CET at ECO2 than the other plant lines, which could 

Figure 11. Thylakoid membrane pmf and the partitioning of pmf into its ∆ψ and ∆pH components in leaf 5 of tobacco. Plants 
were grown at ACO2 or ECO2 and either well watered (A–C) or experiencing a moderate water deficit (D–F). A and D, ECSt, a 
measure of pmf. B and E, ECSinv, a measure of ∆pH. C and F, ECSss, a measure of ∆ψ. Data are presented for the wild type (WT; 
gray bars), AOX overexpressors (B8, left black bars; B7, right black bars), and AOX knockdowns (RI9, left white bars; RI29, right 
white bars). Measurements were done at growth irradiance (700 PPFD) and growth Ca (i.e. 400 or 1,000 µmol mol−1). Each 
experiment included single individuals for each plant line and growth condition. Data are means ± se of three independent 
experiments (n = 3). Within a growth condition, plant lines not sharing a common letter are significantly different from one 
another (P < 0.05). In data sets without letters, there are no significant differences across plant lines.

Dahal and Vanlerberghe



Plant Physiol. Vol. 178, 2018  95

result in an overabundance of ATP relative to NADPH. 
Elucidating the metabolic conditions that activate CET 
in C3 plants remains an area of active research. Overre-
duction of the stromal pyridine nucleotide pool (per-
haps a good indicator that NADPH is being supplied 
in excess of ATP), changes in the redox state of intersys-
tem ETC components, and/or increased stromal H2O2 
all are potential contributing factors, and collectively, 
they suggest that CET activation occurs in response to 
energy imbalances in the chloroplast (Joët et al., 2002; 
Okegawa et al., 2008; Livingston et al., 2010; Joliot and 

Johnson, 2011; Strand et al., 2015, 2017; Yamori and  
Shikanai, 2016; Johnson, 2018). At ECO2, the AOX 
knockdowns displayed a large increase in PsaA (PSI) 
relative to PsbA (PSII) compared with the other plants 
lines (Fig. 7). Such a photosystem stoichiometry adjust-
ment is a common response to the overreduction of in-
tersystem electron transport (Pfannschmidt and Yang, 
2012; Puthiyaveetil et al., 2012; Rochaix et al., 2012). 
Despite this adjustment, the knockdowns still dis-
played higher 1 − qP (the fraction of closed [reduced] 
PSII reaction centers) at ECO2 than did the other plant 

Figure 12. Thylakoid membrane proton flux parame-
ters in leaf 5 of tobacco. Plants were grown at ACO2 or 
ECO2 and either well watered (A and B) or experienc-
ing a moderate water deficit (C and D). A and C, vH+. B 
and D, gH+. Data are presented for the wild type (WT; 
gray bars), AOX overexpressors (B8, left black bars; B7, 
right black bars), and AOX knockdowns (RI9, left white 
bars; RI29, right white bars). Measurements were done 
at growth irradiance (700 PPFD) and growth Ca (i.e. 
400 or 1,000 µmol mol−1). Each experiment includ-
ed single individuals for each plant line and growth 
condition. Data are means ± se of three independent 
experiments (n = 3). Within a growth condition, plant 
lines not sharing a common letter are significantly dif-
ferent from one another (P < 0.05). In data sets without 
letters, there are no significant differences across plant 
lines.

Figure 13. Respiration rate in leaf 5 of tobacco. Plants 
were grown at ACO2 or ECO2 and either well watered 
(A and B) or experiencing a moderate water deficit (C 
and D). A and C, RD. B and D, RL. Data are presented 
for the wild type (WT; gray bars), AOX overexpressors 
(B8, left black bars; B7, right black bars), and AOX 
knockdowns (RI9, left white bars; RI29, right white 
bars). Each experiment included single individuals for 
each plant line and growth condition. Data are means 
± se of three independent experiments (n = 3). Within 
a growth condition, plant lines not sharing a common 
letter are significantly different from one another (P < 
0.05). In data sets without letters, there are no signifi-
cant differences across plant lines.
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lines. These are indications that chloroplast energy 
balance is perturbed in the ECO2-grown knockdowns 
and may provide an explanation for their higher rates 
of CET than in the other plant lines. However, this ex-
aggerated CET rate may be higher than necessary to 
meet the ATP demands of the chloroplast at ECO2. The 
resulting high chloroplast ATP/ADP ratio would then 
act to slow ATP synthase activity (Morales et al., 2018), 
resulting in the high ECSt and low gH+ mentioned 
above. The higher CET rate in the knockdowns also 
may explain why vH+ did not differ across plant lines 
at ECO2, even though the knockdowns tended to main-
tain a lower ETR (rate of linear electron transport) than 
the other plant lines. In knockdowns, the lesser proton 
influx due to the lower ETR could be compensated by 
the additional proton influx associated with a higher 
CET rate.

The above discussion has outlined two different hy-
potheses for why photosynthesis in AOX knockdowns 
grown at ECO2 becomes restricted. The low-Pi hypoth-
esis is one in which AOX aids in preventing a carbon 
imbalance in the cell that is being promoted by the high 
rates of A typical of growth at ECO2. The high-ATP/
ADP ratio hypothesis is one in which AOX aids in pre-
venting an energy imbalance in the chloroplast, which 
may relate in part to the different energy requirements 
of the chloroplast at ECO2, when photorespiration is 
being suppressed. In reality, the photosynthetic pertur-
bations could be due to a combination of both these 
factors, which are not mutually exclusive but rather 
complementary. This emphasizes the fact that AOX 
respiration is a well-suited mechanism for both the ox-
idation of excess carbohydrate (Lambers, 1980) and/
or the consumption of excess reductant (Noguchi and 
Yoshida, 2008), in both cases minimizing the resultant 
ATP yield. Our results also show that restriction of 
ATP synthase activity can be an important component 
of TPU-limited photosynthesis, as emphasized before 
(Kiirats et al., 2009; Yang et al., 2016).

Respiration rates tended to be slightly higher in 
ECO2- compared with ACO2-grown well-watered wild- 
type tobacco plants (Fig. 13). This is consistent with 
most physiological and molecular evidence in the re-
cent literature, which shows that, across a wide range 
of species, long-term growth at ECO2 results in a mild 
to moderate increase in leaf respiration (Lewis et al., 
1999; Davey et al., 2004; Leakey et al., 2009b; Fukayama 
et al., 2011; Gillespie et al., 2012; Markelz et al., 2014a, 
2014b). However, while the knockdown of AOX clearly 
affected photosynthesis in well-watered ECO2-grown 
plants, such plants did not show any obvious differ-
ences in respiration rate (either RD or RL) in the source 
leaf relative to comparable wild-type and overexpres-
sion plants (RL was slightly lower in the ECO2-grown 
knockdowns than other plant lines, but that result was 
not statistically significant). This result clearly differs 
from how respiration in these plant lines responds 
to water deficit. Our previous work (with just ACO2-
grown plants) showed that, during water deficit, 
RL is lower in AOX knockdowns and higher in AOX  

overexpressors compared with the wild type (Dahal 
and Vanlerberghe, 2017). This study confirms these re-
sults and shows that a similar respiratory pattern across 
plant lines is evident in ECO2-grown plants experienc-
ing water deficit. One possibility is that, in the well- 
watered ECO2-grown knockdowns, there is no change 
in overall respiration rate compared with the other plant 
lines because (most) electrons are able to divert toward 
cyt oxidase under these growth conditions (while this 
apparently cannot occur during water deficit). Such a 
phenomenon, if occurring in the well-watered knock-
downs, presumably would increase the ATP yield of 
respiration in the knockdowns relative to the other plant 
lines and, hence, further exacerbate the high-ATP/ADP 
conditions that may be perturbing photosynthesis in 
these plants. Another possibility is that a lack of AOX 
reduced respiration elsewhere in the plant, rather than 
in the source leaf being measured (see above).

Growth at ECO2 Does Not Protect against the Reduced 
Chloroplast ATP Synthase Amount Seen during  
Water Deficit

We showed previously that moderate water deficit 
resulted in a loss of tobacco chloroplast ATP synthase 
protein, which then limited photosynthetic rate. Fur-
thermore, the severity of this biochemical limitation 
was enhanced in AOX knockdowns and delayed in 
AOX overexpressors relative to the wild-type response 
(Dahal and Vanlerberghe, 2018). This effect related to 
the ability of AOX to dampen energy imbalances in the 
chloroplast, which can arise when stomatal closure re-
stricts the availability of CO2.

Given the above previous results, we tested whether 
an increased availability of CO2 during water deficit 
(i.e. water deficit during growth at ECO2) could stave 
off the ATP synthase decline. The results were clear: 
growth at ECO2 provided no protection against the 
onset of this limitation, which, again, was most severe 
in the AOX knockdowns and least severe in the AOX 
overexpressors, with the wild type showing an inter-
mediate response. In fact, growth at ECO2 exaggerated 
the differences between plant lines under water deficit 
relative to the differences seen in a parallel set of ACO2-
grown plants subjected to a similar severity of water 
deficit. These results suggest that energy imbalances 
persist at ECO2, despite the potential for increased Cal-
vin cycle activity, and that AOX continues to provide 
an important means to minimize this imbalance. The 
results also suggest that low Ci or Cc is not, in itself, 
the signal that initiates the loss of ATP synthase; oth-
erwise, the loss of ATP synthase would be expected to 
be less severe in ECO2- than in ACO2-grown wild-type 
plants experiencing comparable water deficit.

CONCLUSION

TPU capacity has been linked to the activity of key 
enzymes in starch and Suc synthesis, such as ADP-Glc 
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pyrophosphorylase, cytosolic Fru-1,6-bisphosphatase, 
and Suc phosphate synthase (Sharkey et al., 1988; 
Vassey and Sharkey, 1989; Vassey et al., 1991; Socias  
et al., 1993; Sun et al., 1999, 2011; Tamoi et al., 2011; 
Yang et al., 2016). During growth at ECO2, TPU capac-
ity was less in tobacco AOX knockdowns compared 
with the wild type, indicating that AOX respiration 
also was an important component of TPU under such 
growth conditions. An underlying characteristic of this 
TPU limitation is the restriction of chloroplast ATP syn-
thase activity, likely due to low Pi and/or high ATP/
ADP ratio in the stroma. This restriction enhances the 
∆pH across the thylakoid membrane, which then limits 
photosynthesis by promoting pH-dependent feedback 
controls on the ETR, such as the engagement of NPQ. 
As a non-energy-conserving electron sink, AOX respi-
ration acts against these changes in the chloroplast by 
preventing both carbohydrate and energy imbalanc-
es in the photosynthetic leaf during growth at ECO2. 
During water deficit in either ACO2- or ECO2-grown 
plants, AOX respiration also is critical for maintain-
ing photosynthesis, but in this case by preventing a 
down-regulation of ATP synthase protein amount, 
which otherwise also restricts ATP synthase activity. 
During water deficit, AOX respiration appears not crit-
ical to prevent carbohydrate imbalances, even at ECO2, 
but nonetheless remains critical in preventing energy 
imbalances in the photosynthetic leaf that promote the 
loss of ATP synthase protein.

Our results suggest a need to better understand how 
future ECO2 growth conditions will affect the parti-
tioning of respiratory electrons between the energy- 
conserving cyt pathway and the energy-dissipating 
AOX. If future growth conditions are accompanied by 
a significant change in this partitioning, then this will 
have important consequences for overall plant car-
bon and energy balance (Gonzalez-Meler et al., 2004; 
Becklin et al., 2017). Our results also may be relevant 
to the efforts being made to boost photosynthetic rates, 
such as through the engineering of C4 metabolism into 
C3 plants (Sage and Zhu, 2011). The success of these 
efforts may depend, in part, on how the respiratory 
pathways respond and how those changes affect the 
photosynthesis-respiration interaction.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Experiments used wild-type and transgenic tobacco (Nicotiana tabacum 
‘Petit Havana’). The transgenic lines have decreased (lines RI9 and RI29) or 
elevated (lines B7 and B8) amounts of mitochondrial AOX protein compared 
with the wild type, as described previously (Dahal and Vanlerberghe, 2017). 
Seeds were germinated in vermiculite in controlled-environment growth 
chambers (model PGC-20; Conviron) with a 16-h photoperiod, temperature 
of 28°C/22°C (light/dark), relative humidity of 60%, PPFD of 700 µmol m−2 
s−1, and in an atmosphere containing either ACO2 (400 μmol mol−1 Ca) or ECO2 
(1,000 μmol mol−1 Ca). Following germination, seedlings were transplanted to 
6-inch pots containing a growth medium that consisted of four parts (v/v) 
soil (Promix BX; Premier Horticulture) and one part vermiculite. Plants were 

then watered daily with a one-fifth-strength Hoagland solution (Hoagland 
and Arnon, 1950). Physiological and biochemical analyses (see below) were 
performed on a fully expanded leaf (leaf 5). The ACO2-grown plants were ana-
lyzed at 18 d after transplanting, while the ECO2-grown plants were analyzed 
at 16 d after transplanting. At these time points, the two sets of plants were of 
similar size. In some cases, plants at this stage were subjected to a moderate 
water deficit by withholding water for 5 d (ACO2-grown plants) or 6 d (ECO2-
grown plants) prior to analysis of leaf 5.

Leaf Gas Exchange and Chlorophyll a Fluorescence

Measurements of leaf CO2 exchange and chlorophyll a fluorescence from 
PSII were performed in the growth chamber using a portable system (GFS-
3000; Heinz Walz). In general, all measurements and calculations were done 
as described previously (Dahal et al., 2014; Dahal and Vanlerberghe, 2017). 
Specific measurement conditions were as indicated in the figure legends.

CO2 response curves of A were generated at saturating irradiance (1,600 
PPFD) by supplying nine different CO2 concentrations over the range of 50 
to 1,200 µmol mol−1. Vcmax, Jmax, and maximum capacity of TPU were then es-
timated by fitting the CO2 response curves to a model of photosynthesis, as 
discussed previously (Long and Bernacchi, 2003), and using the spreadsheet 
provided by Sharkey et al. (2007). RD and RL were estimated as described pre-
viously (Dahal et al., 2014). Temperature response curves of A were measured 
at the growth irradiance and respective growth CO2 concentration and over 
the range of 5°C to 45°C.

Leaf Absorption Spectroscopy

A DUAL-PAM-100 measuring system (Heinz Walz) equipped with DU-
AL-E and DUAL-DB modules was used to simultaneously measure PSI ab-
sorbance and PSII fluorescence at intervals over the range of 0 to 2,000 PPFD 
(from low to high PPFD, with 6 min at each irradiance). These were used to 
estimate the rate of CET around PSI as described previously (Johnson, 2011) 
and as outlined in a previous study (Dahal et al., 2014). A DUAL-PAM-100 
measuring system equipped with the emitter module DUAL-EP515 and the 
detector module DUAL-DP515 was used to measure the 550- to 515-nm absor-
bance difference signal, which provides a linear measure of thylakoid mem-
brane potential (∆ψ) due to a ∆ψ-induced shift in the absorption spectrum of 
thylakoid pigments, known as the electrochromic shift (ECS; Schreiber and 
Klughammer, 2008). A DIRK analysis of the ECS signal during a light-to-dark 
transition can be used to estimate parameters related to thylakoid proton flux 
(Cruz et al., 2005; Baker et al., 2007). These include gH+, vH+, ECSt, and the 
partitioning of the pmf into its ∆pH and ∆ψ components, known as ECSinv and 
ECSss, respectively. To perform the DIRK analysis, plants were dark adapted 
for 1 h, followed by illumination with actinic light (700 or 1,600 PPFD) for 10 
min prior to the light-dark transition. Analyses were done as described previ-
ously (Cruz et al., 2005; Baker et al., 2007) and as outlined in a previous study 
(Dahal and Vanlerberghe, 2018). It is also noted that the ECS signal and its 
meaning remain controversial due to the possibility of confounding overlap-
ping absorbance signals (Johnson and Ruban, 2014).

Biochemical and Other Analyses

Hexoses, hexose phosphates, Suc, and starch were quantified by enzyme- 
coupled assays, as described previously (Jones, 1981; Stitt et al., 1989) and  
as outlined in a previous study (Wang et al., 2011). Immunoblot analy-
ses were performed as described previously (Dahal et al., 2014; Dahal and  
Vanlerberghe, 2018), as was leaf RWC (Wang and Vanlerberghe, 2013). Sta-
tistical analyses were performed using Prism 5.0 (GraphPad Software). Two-
way ANOVAs were performed, with plant line and growth CO2 as the two 
independent variables. Such analyses were performed separately on well-wa-
tered plants or plants experiencing a water deficit. Bonferroni post tests were 
then used to compare the five plant lines within each of the four growth  
conditions.

Accession Number

Sequence data from this article can be found in the GenBank/EMBL data 
libraries under accession number X79768 (AOX1).
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Leaf 5 parameters of well-watered tobacco.

Supplemental Figure S2. RWC of leaf 5 of tobacco.

Supplemental Figure S3. Representative immunoblots for AOX and sev-
eral chloroplast-localized photosynthesis-related proteins in tobacco.

Supplemental Figure S4. CO2 response curves (A/Cc) for leaf 5 of tobacco.

Supplemental Figure S5. CO2 response curves for A in leaf 5 of tobacco.

Supplemental Figure S6. A of leaf 5 of tobacco.

Supplemental Figure S7. Thylakoid membrane pmf and the partitioning 
of pmf into its ∆ψ and ∆pH components in leaf 5 of well-watered to-
bacco.

Supplemental Figure S8. Thylakoid membrane proton flux parameters in 
leaf 5 of well-watered tobacco.

Supplemental Figure S9. Thylakoid membrane pmf and the partitioning 
of pmf into its ∆ψ and ∆pH components in leaf 5 of tobacco.

Supplemental Figure S10. Thylakoid membrane proton flux parameters 
in leaf 5 of tobacco.

Supplemental Figure S11. RL/RD ratio in leaf 5 of tobacco.
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