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Photorespiration is an energy-intensive process that recycles 2-phosphoglycolate, a toxic product of the Rubisco oxygenation
reaction. The photorespiratory pathway is highly compartmentalized, involving the chloroplast, peroxisome, cytosol, and
mitochondria. Though the soluble enzymes involved in photorespiration are well characterized, very few membrane
transporters involved in photorespiration have been identified to date. In this work, Arabidopsis thaliana plants containing
a T-DNA disruption of the bile acid sodium symporter BASS6 show decreased photosynthesis and slower growth under
ambient, but not elevated CO2. Exogenous expression of BASS6 complemented this photorespiration mutant phenotype. In
addition, metabolite analysis and genetic complementation of glycolate transport in yeast showed that BASS6 was capable of
glycolate transport. This is consistent with its involvement in the photorespiratory export of glycolate from Arabidopsis
chloroplasts. An Arabidopsis double knockout line of both BASS6 and the glycolate/glycerate transporter PLGG1 (bass6,
plgg1) showed an additive growth defect, an increase in glycolate accumulation, and reductions in photosynthetic rates
compared with either single mutant. Our data indicate that BASS6 and PLGG1 partner in glycolate export from the
chloroplast, whereas PLGG1 alone accounts for the import of glycerate. BASS6 and PLGG1 therefore balance the export of
two glycolate molecules with the import of one glycerate molecule during photorespiration.

INTRODUCTION

Rubisco catalyzes the fixation of CO2 onto the five-carbon
ribulose-1,5-bisphosphate (RuBP), generating two molecules of
3-phosphoglycerate (3-PGA). However, at 25°C and our current
atmospheric CO2 level of ;400 ppm (40 Pa), ;25% of Rubisco
catalytic activity in plants with C3 photosynthetic metabolism
results in thefixationof thecompetingsubstrateO2 insteadofCO2.
Oxygen fixation by Rubisco results in the conversion of RuBP to
one molecule of 3-PGA and one molecule of 2-phosphoglycolate
(2-PG) (Bowes et al., 1971; Ogren and Bowes, 1971; Lorimer,
1981; Ogren, 1984; Sharkey, 1988). 2-PG accumulation in the
chloroplast stroma inhibits triose phosphate isomerase and

phosphofructokinase, thereby decreasing RuBP regeneration
capacity (Anderson, 1971;Kelly andLatzko, 1976).Although2-PG
is rapidly dephosphorylated to glycolate by 2-phosphoglycolate
phosphatase, the glycolate can inhibit the rate of photosynthesis
in the chloroplast and is considered toxic to the cell (Kelly and
Latzko, 1976; Gonzalez-Moro et al., 1997).
The inhibitionof photosynthesis by2-PG/glycolate is prevented

andpartial recoveryof the reducedcarbon isaccomplishedvia the
photorespiratory pathway, an energy-requiring series of reactions
involving the chloroplast, peroxisome, mitochondria, and cytosol
(Somerville andOgren, 1979;Ogren, 1984; Eisenhut et al., 2013a).
Photorespiration converts twomoleculesof 2-PG toonemolecule
of 3-PGA, while releasing onemolecule of CO2.Therefore, 75%of
the previously fixed carbon that would have been lost as 2-PG
is recovered as 3-PGA, but this is not without an energy cost
to the cell. The photorespiratory cycle consumes ATP and, as
a byproduct of the conversion of glycine to serine, produces
ammonia (NH3) in the mitochondria. Plants must then consume
reducing equivalents of NAD(P)H to recycle theNH3 and to reduce
downstream photorespiratory intermediates. Also, refixing the
CO2 molecule released during photorespiration consumes addi-
tionalATPandNADPH.Asa result, photorespirationundercurrent
atmospheric CO2 concentrations results in a significant drag
of ;15 to 50% on C3 photosynthetic efficiency depending upon
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the regional growing season temperature (Ogren, 1984; Peterhansel
et al., 2010; Walker et al., 2016b). Losses in yield due to photo-
respiration are estimated to total;150 trillion calories per year in
midwestern US soybean (Glycine max) and wheat (Triticum
aestivum) production alone (Walker et al., 2016b). In addition,
photorespiration has similar negative impacts on other major C3
cropssuchas rice (Oryzasativa) andpotato (Solanumtuberosum;
Sharkey, 1988; Zhu et al., 2010).

The soluble enzymes involved in photorespiration have been
well studied over the past four decades, providing much in-
formation on the biochemistry and genetics governing photo-
respiratory metabolism (Peterhansel et al., 2010; Timm and
Bauwe, 2013). By contrast, only a small number of transport
proteins have been demonstrated to be involved in photores-
piration, even though at least 25 transport stepsmay be involved
in the recycling of carbon in photorespiration (Eisenhut et al.,
2013a). Importantly, photorespiration is a high-flux pathway that
interacts with multiple other metabolic pathways, including the
nitrogen cycle and amino acid biosynthesis (Fernie et al., 2013).

The first transporters identified to be involved in photorespi-
ration were the chloroplastic dicarboxylate transporters DiT1 and
DiT2 (Somerville and Somerville, 1985; Woo et al., 1987). A single
point mutation in DiT2.1 and subsequent biochemical charac-
terization revealed that DiT2 is the glutamate/malate transporter
located in the chloroplast inner envelopemembrane (Renné et al.,
2003). Antisense repression of DiT1 resulted in the classical
photorespiratory mutant phenotype of decreased growth under
ambient CO2 with complementation by elevated [CO2]. It also
resulted in reduced nitrate reassimilation due to a decrease in
2-oxoglutarate transport in the chloroplast (Schneidereit et al.,
2006). Together, DiT1 and DiT2 are necessary for the proper re-
fixation of released ammonia from the glycine decarboxylation
reaction in photorespiratory metabolism.

More recently, coexpression analysiswas used to identify other
potential transporters involved in photorespiration (Bordych et al.,
2013). Coexpression analysis identified A BOUT DE SOUFFLE
(BOU) as a mitochondrial transporter required for normal glycine
decarboxylaseactivityandmeristematicgrowth.Nullboumutants
exhibit the photorespiratory mutant phenotype and are com-
plemented by elevated [CO2] (Eisenhut et al., 2013b). Currently,
the only known photorespiratory pathway transporter that
transports carbon derived directly from glycolate is the plastidic
glycolate/glycerate translocator PLGG1 (Pick et al., 2013).
PLGG1 is coexpressed with many enzymes involved in photo-
respiration (Pick et al., 2013). Studies with a PLGG1 T-DNA
knockout line in Arabidopsis thaliana (plgg1-1) revealed the role
of PLGG1 in both the first and the final transport steps in the
photorespiratory pathway: the simultaneous export of glycolate
from and import of glycerate into the chloroplast (Pick et al.,
2013). Nearly 30 years prior to the molecular identification of
PLGG1, the export of glycolate coincident with the import of
glycerate import had been demonstrated in purified spinach
(Spinacia oleracea) chloroplasts (Howitz and McCarty, 1985,
1986, 1991; Young and McCarty, 1993). Additionally, PLGG1
was identified as a chloroplast protein in proteomic studies. It
was originally thought to be involved in programmed cell death,
but current evidence now suggests that this phenotype was
linked to the accumulation of photorespiratory intermediates

(Yang et al., 2012; Pick et al., 2013). However, the Arabidopsis
plgg1-1 line showed neither differences in the quantum effi-
ciency of CO2 assimilation nor changes in the photorespiratory
CO2 compensation point compared with wild type under low-
light conditions (Walker et al., 2016a). Combined, these data not
only show that PLGG1 is involved in photorespiratory metabo-
lism, but also suggest an alternative path for glycolate exit from
the chloroplast. In addition, they demonstrate the difficulty in
phenotypically identifying transporters in the photorespiration
pathway (Hodges et al., 2016).
Although both genetic and coexpression approaches have

been successful in identifying genes involved in photorespiratory
metabolism, many of the transporters involved in the flux of
photorespiratory intermediates remain unknown. An alternative
approach to coexpression analysis is first to identify candidate
chloroplast inner membrane transporters from chloroplast en-
velope proteomic studies and then to screen T-DNA insertional
mutants of the candidate genes for the photorespiratory mutant
phenotype of reduced photosystem II efficiency by chlorophyll

Figure 1. Screen of Arabidopsis T-DNA Lines for a Photorespiration
Phenotype.

(A)Representativephotosof9-d-oldArabidopsis seedlings.Seedlingswere
grown in an 83 12 array for screening to identify T-DNA lines defective in
Fv/Fm chlorophyll fluorescence due to photorespiration stress. Bar = 1 cm.
(B)Dark-adaptedFv/Fm imagesof selectT-DNA lines.Different colorsshow
changes in Fv/Fm fluorescence after a 24-h illumination in low [CO2]. T-DNA
lines are compared with wild-type control, and average Fv/Fm is from the
average of eight plants in three replicate experiments. Bar = 1 cm.
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fluorescence (Badger et al., 2009; Sun et al., 2009). When illu-
minated in low [CO2], photorespiration-deficient mutants exhibit
reduced Fv/Fm chlorophyll fluorescence due to the impaired
function of photosystem II (Kozaki and Takeba, 1996; Wingler
et al., 2000; Takahashi et al., 2007). This high-throughput
fluorescence-based approach, when combined with forward ge-
netics to target putative transporter-like chloroplast inner envelope
membrane proteins, can identify additional genes important for
photorespiratory metabolite transport.

We used this approach to identify bile acid sodium symporter
6 (BASS6) as a glycolate transporter involved in photorespiration.
Bile acid sodium symporters are a family of transport proteins that
were first identifiedasbile acid transporters in themammalian liver
(Alrefai and Gill, 2007). Further analysis showed that members of
the BASS family of transporters are present in a wide variety of
organisms, including plants, animals, and fungi, and they exhibit
a broad range of substrate specificity, including non-bile acid
organic compounds such as pyruvate, steroids, and xenobiotics
(Furumoto et al., 2011; Claro da Silva et al., 2013). Although bile

acids arenotproduced inplants,BASS family genesarepresent in
bothmonocots and dicots (Gigolashvili et al., 2009; Sawada et al.,
2009; Furumoto et al., 2011). Our analysis of the bass6 T-DNA line
in Arabidopsis (bass6-1) revealed that loss of BASS6 resulted in
a photorespiratory mutant phenotype and in accumulation of the
photorespiratory metabolic intermediates glycine and glycolate.
In addition, BASS6 protein was localized to the chloroplast en-
velope, and its ability to transport glycolate was conclusively
demonstrated through combined yeast genetic complementation
and transport analysis.

RESULTS

Arabidopsis bass6-1 Exhibits a Photorespiratory
Mutant Phenotype

To identify potential transporter proteins involved in photorespi-
ration, we screened a series of known and putative chloroplast
inner membrane localized proteins (Supplemental Data Set 1). As

Figure 2. BASS6 Is Necessary for Growth under Photorespiratory Conditions.

(A)Representativephotosofbass6andplgg1mutantscomparedwith thewild type.Seedlingsweregrownunder ambientCO2 (8weeks in40PaCO2withan
8-h-light/16-h-dark cycle [22°C/18°C] at 250 mmol m22 s21 light intensity in growth chambers). Bar = 1 cm.
(B)Changes inFv/Fm after 24hof lowCO2 andconstant illumination.Numbers represent theaverageof 12plants from three replicate experiments.Bar =1 cm.
(C) Relative growth rate of bass6-1 and plgg1-1 compared with the wild type at the indicated CO2 concentration. Error bars indicate SD from five biological
replicates, and letters indicate significant difference between genotype and CO2 treatments based on ANOVA analysis (P < 0.05; Supplemental File 1).
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controls, T-DNA lines targeting genes known to be involved in
photorespiration, glycerate kinase (glyk), serine hydroxymethyl-
transferase (shm1), and the glycolate/glycerate transporter
PLGG1 (plgg1-1), were included in the analysis. To test for mu-
tants involved in photorespiration, we illuminated 9-d-old T-DNA
lines under low [CO2]. Under these conditions, photorespiratory
mutants show reduced Fv/Fm chlorophyll fluorescence (Badger
et al., 2009). From the initial screen of 50Arabidopsis T-DNA lines,
we identified two independent T-DNA insertions targeting the
gene At4g22840 (Figure 1; Supplemental Data Set 1). These
T-DNA lines lacked expression of the putative chloroplast inner
membrane protein BASS6 (Supplemental Data Set 1). To deter-
mine whether BASS6 is involved in photorespiration, these two
T-DNA lines were grown under ambient CO2 (40 Pa) conditions.
Comparedwith thewild-type control, bothbass6mutant lines had
a smaller rosette size, similar to that of plgg1-1, the glycolate/
glycerate transporter mutant involved in photorespiration (Figure
2A). To verify that the changes in Fv/Fm observed in the initial
screen were also present in more developed plants, 4-week-old
T-DNA lines of both plgg1-1 and bass6-1 were analyzed before
and after the low [CO2] treatment. Following 24 h of constant il-
lumination at low [CO2], we found a significant reduction in Fv/Fm

for both lines when compared with the wild type, even though no
reduction in Fv/Fm was observed prior to the low [CO2] treatment
(Figure 2B).

To verify the photorespiratorymutant phenotype, wemeasured
growth of the bass6-1 mutant under low, ambient, and elevated
[CO2] (12.5, 40, and 200 Pa). Consistent with a classical photo-
respiratory mutant phenotype, both the bass6-1 and the plgg1-1
mutants failed to grow at 12.5 Pa CO2 (Supplemental Figure 1).
Under ambient CO2 conditions, both the bass6-1 and the plgg1-1
T-DNA lines grewmore slowly when compared with the wild-type
control (Figure 2C; Supplemental Figure 1). Importantly, the wild
type, bass6-1, and plgg1-1 grew at the same rate when grown
under high [CO2] (Figure 2C; Supplemental Figure 1). Unfortu-
nately, growth characterization of the bass6-2 line showed in-
consistent results and its growth was not rescued by exogenous
expression of BASS6. Analysis of the T-DNA insertion of bass6-2
revealed that T-DNA insertion is within a shared promoter region
with the gene At4g22850. Analysis of gene expression showed
reductions in expression of the adjacent gene as well as BASS6
making characterization of BASS6 function in the bass6-2 not
feasible (Supplemental Figure 2).

For wild-type or near-wild-type growth, certain classes of
mutants in the photorespiratory pathway require high levels of
[CO2], inwhich theRubiscooxygenation reaction is suppressed to
very low levels (Timm and Bauwe, 2013). Under ambient [CO2],
photorespiration mutants have reduced photosynthesis that is
characterized by reductions in carbon assimilation (A), the max-
imum rate of Rubisco carboxylation (Vcmax), and themaximum rate
of electron transport (Jmax) parameters. Similar to previous reports
(Pick et al., 2013; Walker et al., 2016a), plgg1-1 had reduced A
compared with the wild type (Figure 3A). The bass6-1 plants also
showedaslight reduction inAunderambient [CO2] comparedwith
the wild type and had no detectable changes in internal CO2

concentration (Ci) or stomatal conductance (gs) (Figure 3A). To
evaluate the biochemical limitations to photosynthesis of bass6-1
and plgg1-1 lines, the response of A to the intercellular [CO2] (Ci)

was used to determine Vcmax and Jmax. We found that both Vcmax

and Jmax were reduced in bass6-1 and plgg1-1 comparedwith the
wild type (Figure 3B, Table 1). A was reduced more in plgg1-1
compared with bass6-1, consistent with comparative rosettes
sizes and the growth rates of the bass6-1 versus plgg1-1mutant
plants (compare Figures 2A and 2C with Figure 3 and Table 1).

BASS6 Protein Is Localized in the Chloroplast Envelope

Mass spectrometry proteomic data had previously localized
BASS6 protein to the chloroplast inner envelope membrane
(Zybailov et al., 2008). To confirm this, we analyzed the transient
expression of an Arabidopsis BASS6-GFP fusion protein both in
protoplasts and in whole-leaf tissue of Nicotiana benthamiana,
using chlorophyll autofluorescence to identify chloroplasts (Fig-
ures 4B, 4E, 4H, and 4K). In protoplasts, the BASS6-GFP signal
surrounded chloroplast autofluorescence (Figures 4G to 4I),
a pattern seen with the Arabidopsis glycolate/glycerate trans-
porter PLGG1 in the chloroplast envelope (Ferro et al., 2003, 2010;
Zybailov et al., 2008; Pick et al., 2013;Rolland et al., 2016) (Figures
4D to 4F). This provides evidence that BASS6 is localized in the
chloroplast envelope. In these experiments, GFP was not de-
tected outside of the chloroplast compartment, and, notably, no

Figure 3. Loss of BASS6 Impairs Photosynthesis.

(A) Photosynthetic measurements for wild-type and mutant strains.
Measurements recorded at 40 Pa CO2 and saturating light (1000 mmol
m22 s21) for the indicatedstrains, assimilation (A), internalCO2concentration
(Ci), and stomatal conductance (gs). Letters indicate statistical differences
based on ANOVA analysis n = 3 (P < 0.05; Supplemental File 1).
(B) Assimilation (A) based on internal [CO2] (Ci) curves within the leaf of the
indicated lines. Error bars indicate SD in (A) and (B), n = 5.
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punctate signal suggesting mitochondria or Golgi colocalization
was observed. Light-sheet microscopy using whole-leaf tissue
further confirmed BASS6-GFP localization to the chloroplast
envelope. Thesewhole-tissueexperiments further suggested that
someof theGFPsignalwaspresentoutsideofchloroplasts inayet
unidentified compartment that did not appear to be cytosolic
(Figures 4J to 4L; Supplemental Figure 3A). Whereas this signal
may reflect aminor fractionofaBASS6-GFPpool targetedoutside
the chloroplast, it could also be truncated protein or misfolded
protein.

To confirm that BASS6 is targeted to chloroplasts, a rabbit
polyclonal antibody was raised against a BASS6 peptide
(Agrisera) and was used to determine the localization of BASS6
in Arabidopsis (Supplemental Figure 3B). Subcellular frac-
tionation of Arabidopsis Col-0 wild type followed by immuno-
blot analysis using the BASS6 antiserum revealed that BASS6
was detectable as a band near the predicted;44 kD size only in
the chloroplast fraction, using RBCL as a marker protein. It was
undetectable in the whole-cell soluble fraction, the whole-cell
membrane-enriched fraction, and the mitochondrial (COXII
marker protein) fraction (Supplemental Figure 3B). The BASS6
bandwasnotdetectable either in thewhole-cell fractionor in the
chloroplast fraction of bass6-1mutants. The BASS6 antiserum
also detected BASS6 in yeast, detecting one band at ;44 kD
along with a larger band at;60 kD. The larger band is too small
to beaBASS6dimer andmay represent a nonspecificantiserum
interaction, different gel migration due to charge, or a possible
translation error. BASS6 was not detected in wild-type yeast
extracts not expressing BASS6 (Supplemental Figure 3B).

The bass6-1 Mutant Accumulates
Photorespiratory Intermediates

Previous characterization of plgg1-1 mutants demonstrated that
they develop chlorotic lesions when grown at high [CO2] and then
shifted to ambient air after several days (Pick et al., 2013). The
formation of chlorotic lesions is thought to be due to damage from
the accumulation of toxic photorespiratory intermediates during
the light period. We also observed chlorotic lesions in plgg1-1
mutants 5 d after the shift to ambient air, and these lesions were
associated with regions of lowered Fv/Fm as measured using
chlorophyll fluorescence imaging (Figure 5A).Whereas thebass6-1
mutant did not develop observable chlorotic lesions on leaves
after a shift to ambient [CO2] at 5 d after transfer (Figure 5A), the
homozygous F3 generation of the bass6-1 and plgg1-1 cross
(bass6 plgg1) developed more expansive chlorotic lesions com-
pared with the plgg1-1 line alone (Figures 5A and 5B). The;50%

increase in area of chlorotic lesions in the bass6 plgg1 double
mutant presaged apparent additive effects of PLGG1 and BASS6
inactivation on growth and photosynthetic rates. The bass6 plgg1
double mutant plants showed a 41% decrease in growth com-
pared plgg1-1 and 31% compared with bass6-1 under ambient
[CO2] and also showed lower photosynthetic rates when both
PLGG1 and BASS6 functions are missing (Figures 5C and 5D).
When Rubisco oxygenation rates are high, mutant plants with

defects in photorespiration will accumulate various photo-
respiratory metabolites. To characterize the transport step of
BASS6 in the photorespiration pathway, metabolite profiles were
performed on bass6-1 leaf tissue from plants exposed either to
high (200Pa) or to low (15Pa) [CO2].When leaveswere exposed to
low [CO2] to increase the Rubisco oxygenation rate, the levels of
glycine andglycolate inbass6-1 increased significantly compared
with the wild type. By contrast, plgg1-1 plants accumulated
glycolate and glycerate at high [CO2] and accumulated glycolate,
glycine, glyoxylate, serine, and glycerate at low [CO2] (Figure 6).
When leaves were exposed to low [CO2], bass6-1 accumulated
levels of glycine similar to levels in the plgg1-1 plants (Figure 6C).
The bass6 plgg1 double mutant line had significantly more gly-
colate than the wild type and the single mutant lines. They also
showed increases inother intermediates suchasglycerate, similar
to what was observed in the plgg1-1 single mutant (Figure 6).
Interestingly, serine accumulation also increased in the single
mutants but reverted towild-type levels in the bass6 plgg1 double
mutant, suggesting that losing the function of both BASS6 and
PLGG1 alters overall photorespiratory metabolism (Figure 6).
Importantly,withoutBASS6andPLGG1, there isa further increase
in glycolate accumulation. The accumulation of photorespiratory
metabolites when exposed to low [CO2] conditions indicates
a direct role of BASS6 in photorespiratory metabolism.
Arabidopsis plgg1-1 shows a light-dependent accumulation of

glycolate, glycine, serine, and glycerate (Pick et al., 2013), con-
sistent with impairment of both glycolate export and glycerate
import in thechloroplast. Photorespiration is light-dependent, and
glycolate and glycine levels in plgg1-1 mutants at night under
ambient air returned to wild-type levels accompanied by a sig-
nificant reduction in glycerate (Pick et al., 2013). To determine
changes in glycolate, glycerate, and glycine levels in bass6-1 and
thebass6plgg1doublemutantplants comparedwith thewild type
and plgg1-1, metabolite analysis was performed after a shift from
high [CO2] toambient air andsamplesweremeasuredat theendof
the growth photoperiod and immediately after the light-to-dark
transition. Similar to results from Pick et al. (2013), the plgg1-1
mutants showeda reduction in glycolate levels after the endof the
light period (Figure 7). At the endof the light period,bass6-1plants

Table 1. Photosynthetic Parameters Based on ACi Data Using the PsFit Model

Vcmax 25°C (mmol m22 s21) Jmax 25°C (mmol m22 s21) Rd (mmol m22 s21) gs (mmol m22 s21)

Col-0 wild type 59.19A 6 1.20 121.09A 6 3.10 1.23A 6 0.16 0.20A 6 0.02
bass6-1 43.55B 6 3.04 104.56B 6 1.29 1.25A 6 0.20 0.21A 6 0.05
plgg1-1 31.47C 6 1.08 92.70C 6 1.27 1.57B 6 0.17 0.16A 6 0.01

Superscript letters A, B, and C indicate statistical differences from the wild type based on ANOVA analysis (P # 0.5; Supplemental File 1). Vcmax,
maximum carboxylation rate allowed by Rubisco; Jmax, maximum rate of photosynthetic electron transport; Rd, day respiration; gs, stomatal
conductance.
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Figure 4. BASS6 Is Localized to the Chloroplast Envelope.

(A) to (I) Confocal microscopy images of isolated N. benthamiana protoplasts. Protoplasts expressed either no GFP-tagged construct ([A] to [C]), GFP-
tagged PLGG1 ([D] to [F]), or GFP-tagged BASS6 ([G] to [I]) at 2 d postinfiltration. These images are maximum projections of four successive planes, and
they show that both Arabidopsis PLGG1 and BASS6 localize in the chloroplast envelope (arrowheads), showing that, just like PLGG1, BASS6 is inserted in
the chloroplast inner envelope membrane. Bars = 10 mm.
(J) to (L)Light sheet imagesofN.benthamiana leaf tissue transiently expressingBASS6-GFP expressed from theCaMV35Spromoter. Arrows indicateGFP
fluorescence associated with the chlorophyll envelope. Bars = 50 mm.
In all panels, GFP signal is shown in green, and chloroplast autofluorescence is shown in magenta.



accumulate glycolate and glycine, both of which are significantly
reduced within 10 min in the dark (Figure 7). The glycolate level
significantly increased in the bass6 plgg1 double mutant com-
pared with wild-type, bass6-1, and plgg1-1 plants, whereas
glycine and glycerate levels in the doublemutantswere similar to
those in plgg1-1 mutants.

BASS6 and PLGG1 Rescues Growth on Glycolate as
a Carbon Source in Yeast

There is no known glycolate transporter in the yeast Saccha-
romyces cerevisiae, but the plasmamembrane-localized acetate
transporter ADY2 is homologous to Escherichia coli yjcG, which
is known to transport both acetate and glycolate (Gimenez et al.,
2003). Expression of chloroplast proteins in yeast often results in
localization to the mitochondria (Hurt et al., 1986; Pfaller et al.,
1989; Brink et al., 1994). Localization prediction software sug-
gested that BASS6 would localize to the plasma membrane and
that PLGG1would likely localize to themitochondria membrane.
Therefore, we generated yeast vectors expressing both BASS6
and PLGG1 lacking the chloroplast transit peptide (amino acids

1–24) to ensure plasmamembrane targetingof both proteins.We
then expressed them both in wild-type BY4741 and in the iso-
genic ady2D strain. In spot assays, the ady2D strain expressing
only empty vector was unable to grow on glycolate as the sole
carbon source, demonstrating a loss of glycolate import in the
absence of acetate transporter ADY2 function (Figure 8A). The
expression of PLGG1 in the ady2D yeast strain rescued growth
back to the wild-type levels on glycolate as the sole carbon
source (Figure 8A). Expression of BASS6 also rescued growth in
the ady2D strain (Figure 8A). Controls using glucose and lactate
as a carbon source showed both that the expression of BASS6
and PLGG1 in yeast does not negatively affect growth and that
theady2Dstrainwasable toutilizebothsourcesof carbon (Figure
8A). In addition, thewild type and the ady2D strainwere both able
to utilize glycerate as a carbon source. Unfortunately, this meant
we could not determine the role of glycerate-dependent gly-
colate transport of either transporter because the identity of
yeast glycerate transporter(s) is not yet known.
Basedonour findings thatBASS6 andPLGG1cancomplement

yeast for growth on glycolate as a carbon source, we tested the
transport capabilities of both proteins in uptake experiments in

Figure 5. The bass6 plgg1 Double Mutant Has a More Severe Photorespiratory Phenotype.

(A) Images represent indicated plants grown for 4 weeks at 200 Pa CO2 then shifted to ambient CO2 for 5 d. Fv/Fm images show changes in chlorophyll
fluorescence due to the formation of chlorotic lesions on leaves. Images are representative of five replicates. Bar = 1 cm.
(B)Extent of chlorotic lesion formation.Percent nongreen tissuebasedonpixel densitymeasuredusingphoto software (Adobe) comparingnongreen tissue
to total rosette tissue.
(C) Relative growth rate of indicated Arabidopsis T-DNA lines under either 200 Pa (dark) or ambient air (light) gray bars. Error bars indicate SD of at least
five plants per each of three biological replicates. Letters indicate significant difference between CO2 treatments. Statistical difference based on
ANOVA analysis (P < 0.05; Supplemental File 1).
(D) Photosynthetic measurements recorded at indicated CO2 concentration and saturating light (1000 mmol m22 s21) for the indicated strains. Letters
represent significant difference from ANOVA analysis and Tukey’s post-hoc test. Error bars indicate SD.
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which yeast cells were incubated for 10 min in [14C]-glycolic acid.
The expression of PLGG1 increased glycolate uptake both in the
wild type and in the ady2D strain (Figure 8B), as did the expression
of BASS6 (Figure 8B). Our data indicate that both BASS6 and
PLGG1 expressed in yeast facilitate transmembrane glycolate
transport leading to rescue of the growth in glycolate uptake
defective ady2D mutant (Figure 8B).

Loss of BASS6 Causes Increased PLGG1 Expression

Although the loss of either BASS6 or PLGG1 resulted in a pho-
torespiratory phenotype, neither T-DNA insertion caused lethality
when lines were grown in ambient air, as has been seen with
numerous other photorespiratory mutants (Timm and Bauwe,
2013). This leaky photorespiratory phenotype could be due to
redundancy in the transport processes andcompensation for loss

of one gene by the increase in expression of another. To test
whether the loss of BASS6 or PLGG1 results in changes in en-
hanced expression of the other gene, real-time PCR (RT-PCR)
experiments were performed. In the plgg1-1 line, there was no
detectable difference in BASS6 expression compared with the
wild type (Figure 9A). However, the expression of PLGG1 in-
creased 4.8-fold over the wild type in the bass6-1 line, suggesting
that PLGG1 expression had markedly increased, possibly to
compensate for metabolic changes caused by the loss of BASS6
function (Figure 9A).
This result prompted us to test whether the expression of either

BASS6 or PLGG1 could complement the slow growth phenotype
of each of the single mutants. Also, to rule out the possibility that
either the plgg1-1 or the bass6-1 line phenotypes were due to
another mutation, PLGG1 andBASS6were also transformed into
the plgg1-1 and the bass6-1 lines under the control of their native

Figure 6. The bass6-1 Mutant Accumulates Photorespiratory Intermediates.

Levels ofphotorespiratory intermediates inwild-type,bass6-1,plgg1-1, andhomozygousbass6plgg1doublemutantplants. Plantsweregrownat elevated
CO2 for 6 weeks. Young fully expanded leaves were then acclimated to either elevated (200 Pa) or low (15 Pa) CO2 using a LI-COR 6400 XT gas-exchange
system. When photosynthetic rates were stable leaf samples were rapidly frozen and extracted to determine relative concentrations of glycolate (A),
glyoxylate (B), glycine (C), serine (D), hydroxypyruvate (E), and glycerate (F). The y axis represents relative differences based on an internal standard (set to
1). Black bars indicate 200 Pa, and gray bars indicate 15 PaCO2. Error bars indicate SE of themean. Letters indicate statistical differences based on ANOVA
analysis (n = 3; Supplemental File 1).
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promoters. Expression of BASS6 under the control of either its
own promoter or the PLGG1 promoter rescues the growth rate
phenotype in thebass6-1 line, confirming that the lossofBASS6 is
the cause of the photorespiratory phenotype (Figure 9B). In ad-
dition, as previously reported (Pick et al., 2013), expression of
PLGG1 under the control of its own promoter rescues its pho-
torespiratory phenotype (Figure 9B). However, transforming the
expression plasmid of PLGG1 into the bass6-1 line showed no
significant change in growth rate compared with the bass6-1

mutant (Figure 9B). This could be due to the fact that PLGG1
expression is already substantially upregulated in the bass6-1
backgroundcomparedwith thewild-typebackground (Figure9B).
Intriguingly, expression of BASS6 under the control of its native
promoter in theplgg1-1 line increased itsgrowthasdidexpression
of PLGG1, but neither BASS6 nor PLGG1 fully restored wild-type
growth (Figure 9B). Taken together, these results suggest that
the expression of both BASS6 and PLGG1 are needed for proper
growth at ambient [CO2] and that increasing the expression of
one gene can in part compensate for the loss of the other.

DISCUSSION

Our data demonstrate that the bile acid sodium symporter BASS6
is an integral part of photorespiratorymetabolism and show that it
is required for proper wild-type growth in ambient air. Loss of
BASS6 resulted in a slow growth phenotype that was rescued
when plants were grown in high [CO2] (Figures 1, 5, and 9;
Supplemental Figure 1). Arabidopsis BASS6proteinwas localized
to the chloroplast in Arabidopsis and shown to be part of
the chloroplast envelope membrane by transient expression in
N. benthamiana (Figure 4; Supplemental Figure 3). Also, under low
[CO2] conditionswhenphotorespiration flux is high, lossofBASS6
caused the accumulation of photorespiratory intermediates in-
cludingglycine andglycolate (Figures 6and7). Thecombined loss
of BASS6 and the glycolate/glycerate translocator PLGG1 re-
sulted in a slower growth phenotype and increased accumulation
of glycolate in leaves under low [CO2] compared with either single
knockout mutation (Figures 5 to 7). Together with transport
complementation in yeast (Figure 8), our study has identified an
additional glycolate transporter involved in photorespiratory
metabolism, Also, with the observed combined phenotypes, the
bass6 mutant shows the class III photorespiratory mutant clas-
sification of being still viable in ambient air due to some functional
compensation (Timm and Bauwe, 2013). Therefore, BASS6, in
addition to PLGG1, contributes to the recycling of glycolate
when Rubisco fixes O2 instead of CO2 during photorespiration.
Additionally, this study reveals an alternative strategy that is
complimentary tocoexpression for identifying transport proteins
involved in photorespiration.
Genetic screening under high and ambient [CO2], and more

recently coexpression analysis, has identified only a few trans-
porters important for photorespiration. Using the same coex-
pression software used to identify BOU and PLGG1, BASS6
did not show a strong correlation with the expression of other
photorespiratory enzymes. Though the Spearman coefficient
values were low (#0.7), BASS6 most strongly associated with
the expression of enzymes in the gluconeogenesis and
glyoxylate cycles, two pathways that are associated with
photorespiration (Supplemental Figure 4). As an alternative
approach to discover chloroplast transporters important for
photorespiration,weperformedtargetedfluorescencescreeningof
mutants of known and putative chloroplast inner membrane pro-
teins identified in proteomic studies (Zybailov et al., 2008; Badger
et al., 2009). ExposingArabidopsisT-DNA insertionmutants to24h
of photorespiratory stress at low [CO2] levels and constant illumi-
nation is a very sensitive method for identifying [CO2]-dependent

Figure 7. BASS6 and PLGG1 Play a Role in Glycolate Metabolism.

Time course of metabolite levels in wild-type and mutant plants. The plant
lines indicatedweregrown inelevatedCO2 (200Pa) for 4weeks thenshifted
to ambient air (40 Pa CO2) for 24 h. At the end of the 8-h light cycle, tissue
was collected as time 0 min. Each subsequent time point represents
sampling during the dark period. The y axis numbers represent relative
differences based on an internal standard. Error bars indicate SE of the
mean. Asterisks indicate statistical differences based on ANOVA analysis
comparing wild-type control to T-DNA lines (n = 3; Supplemental File 1).
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changes in chlorophyll fluorescence (Badger et al., 2009). This
study identified bass6 T-DNA insertion mutants in Arabidopsis
with reduced chlorophyll fluorescence under photorespiratory
stress. Further analysis revealed thatbass6-1mutant plants exhibit
a photorespiratory mutant phenotype similar to that of plgg1-1. In
addition, our metabolite data and yeast complementation and
transport assaysdemonstrated thatBASS6can transport glycolate
(Figures 6 to 8).
Previous biochemical analysis of chloroplasts suggested that

a single transporter transports both glycolate and glycerate
(Howitz and McCarty, 1985, 1986, 1991). More recent analysis
supports this model and identifies the glycolate /glycerate
transporter PLGG1 (Pick et al., 2013). However, in each round of
the photorespiratory cycle, two molecules of glycolate are
transported out of the chloroplast but only one molecule of
glycerate is returned (Howitz and McCarty, 1986). Curiously,
PLGG1 has been shown to have a 1:1 glycerate:glycolate
stoichiometry (Pick et al., 2013). In addition, the plgg1-1 Ara-
bidopsis line under low irradiances exhibits similar photosyn-
thetic rates and quantum efficiencies as the wild type, even
under highphotorespiratory conditions. This further suggests an
alternative transport mechanism for glycolate and glycerate
(Walker et al., 2016a).
Alternative transport mechanisms for glycolate and glycerate

would also explain why plgg1-1 mutants were not discovered in
the initial screens for photorespiratory mutants (Somerville and
Ogren, 1981). Our metabolite and transport data support that
BASS6, unlike PLGG1, is involved in glycolate but not glycerate
transport. BASS6 is amember of the family of sodium-dependent
symporters,whichareunidirectional in transport,whereasPLGG1
is a glycolate/glycerate antiporter. This is consistent with the
metabolite data showing the bass6-1 line does not accumulate
glycerate as do plants lacking PLGG1 (Figures 6 and 7). The less
severe accumulation of glycolate and themore subtle reduction in
photosynthetic and growth rates in the bass6-1 line are also
confounded by the increase in expression of PLGG1 (Figures 2, 3,
5, and 9). Together, our data suggest that glycolate flux out of the
chloroplast is accomplished by both PLGG1 and BASS6 during
normal operation, consistent with the predicted transport
stoichiometry of 2:1 glycolate:glycerate of the photorespiratory
pathway.
Many transport steps in biological systems have redundancies

in which, due to redundant transport proteins, the removal of one
transporter does not completely abolish the transport of metab-
olites across membranes (Vieten et al., 2005; Caffaro et al., 2007;
Barberon et al., 2008). In fact, glycolate levels in theplgg1-1plants
reverted to wild-type levels once they were no longer under
photorespiratory stress (Figure 7) (Pick et al., 2013). In the bass6

Figure 8. BASS6CanTransport thePhotorespiratoryMetaboliteGlycolate.

(A) Representative serial dilutions of the wild type and ady2D yeast with
empty vector (e.v.), PLGG1, or BASS6. Five-microliter yeast cultures
OD600 = 0.1 in water were spotted on to SC-Leu plates with the indicated

carbon source as five 10-fold serial dilutions. Plates were grown for 1 d
(glucose), 2 d (lactate), or 7 d (glycolate) at 30°C.
(B) [14C]-glycolate uptake assay. Yeast cultures containing the indicated
vector were incubated in SC-Leu glycolate media containing [14C]-
glycolate for10minbeforestopping the reactionby theadditionof5mLof ice-
cold water. Error bars indicate SD, and letters indicate statistical differences
based on ANOVA analysis (n = 3; Supplemental File 1).
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plgg1 double mutant plants, glycolate accumulation was 50 to
200%greater than in the plgg1-1 singlemutant (Figures 6 and 7).
Even in the bass6 plgg1 double mutant line, when photo-
respiratory stresswas relaxed, therewas a reduction in glycolate
levels (Figure 7). This may mean that glycolate moved out of the
chloroplast or that glycolate was metabolized within the chlo-
roplast (e.g., chloroplastic pyruvate dehydrogenase complex)
(Blume et al., 2013).

The bass6-1 mutant also demonstrated an increase in glycine
when exposed to low [CO2] (Figures 6 and 7). Increase in glycine
accumulation in Arabidopsis T-DNA insertion mutants of serine
hydroxymethyltransferase (shm1), hydroxypyruvate reductase
(hpr1), and glycerate kinase (glyk1), which are all genes encoding
enzymes involved in reactions occurring after the conversion of
glyoxylate to glycine (Timm et al., 2012). Other mutants also show
an accumulation in glycine that is not directly linked to photo-
respiration. T-DNA bou-2 mutants in Arabidopsis and those with
antisense targeting of TCA cycle enzymes in tomato (Solanum
lycopersicum) accumulate glycine, showing a close relationship
between respiration and photorespiration (Carrari et al., 2003;
Sienkiewicz-Porzucek et al., 2008; Eisenhut et al., 2013b). Un-
expectedly, 2PG-phosphatase (pglp1) T-DNA lines also demon-
strate an increase in glycine levels even though PGLP acts before
glycine formation (Timm et al., 2012). Together, disruption of
photorespiration and closely related pathways can have un-
expectedeffectsonmetabolite levelsasappears tobe thecase for
bass6-1 mutants (Figure 6).

In Arabidopsis, there are five loci annotated as BASS family
proteins, including BASS1, BASS2, BASS4, BASS5, and BASS6,
and all are either predicted or have been shown to be localized to
the chloroplast envelope based on data from The Arabidopsis
Information Resource (TAIR; Sawada et al., 2009). BASS2 was
identified as highly expressed in C4 species andwas shown to be

a sodium-dependent pyruvate transporter located in the chloro-
plast envelope (Furumoto et al., 2011). In addition, BASS5 was
recently shown to be localized to the Arabidopsis chloroplast
envelope and to play a role in the sodium dependent transport of
2-keto acids involved in glucosinolate biosynthesis (Gigolashvili
et al., 2009; Sawada et al., 2009). In fact, the characterization of
BASS5byGigolashvili et al. (2009) is theonlypreviously published
study onBASS6 function concluding that, despite some similarity
of BASS6 to BASS5 (69% identical), neither BASS6 nor BASS4
was involved in aliphatic glucosinolate biosynthesis. Thus,
current work on BASS family proteins in plants suggests that
they function in the transport of various organic acids involved
in diverse metabolic pathways.
In this study, microscopy analysis revealed that Arabidopsis

BASS6-GFP fusion proteins localize to the chloroplast enve-
lope of N. benthamiana protoplasts in a similar fashion to that
observed for PLGG1. Our light-sheet microscopy images and
our immunoblot data also confirmed that Arabidopsis BASS6
proteins localize to the chloroplast inwholeN.benthamiana leaf
tissue and in Arabidopsis leaf tissue expressing BASS6 from its
endogenous locus. Tobacco (Nicotiana tabacum) contains two
copies of the BASS6 homolog, which is not surprising given
that tobacco has an allotetraploid genome. Interestingly the
BASS6proteins in tobacco show91% identity to eachother but
only 63% identity with Arabidopsis BASS6, with major differ-
ences occurring primarily in the N terminus (Supplemental
Figure 5). One of the BASS6 proteins in tobacco contains an
N-terminal extension that predicts localization in the mito-
chondria (NtBass6M), and the other is predicted to be chlo-
roplastic (NtBass6C) (ARAMEMMNON) (Supplemental Figure
5). BASS6 does not appear to be dual-localized in Arabidopsis.
Whether the tobacco proteins are present in different organ-
elles remains to be determined.

Figure 9. Loss of BASS6 Causes Increased PLGG1 Expression.

(A)ExpressionofBASS6andPLGG1 in leaf tissuewasdetermined in theplgg1-1and thebass6-1mutantsbyqRT-PCRanalysis. Error bars indicate SEof the
mean from three biological replicates including three technical replicates each. Letters indicate significant change (P < 0.05).
(B) Relative growth rate of indicated Arabidopsis transgenic lines. Error bars indicate SD of at least five plants per three biological replicates. Letters
indicate significant difference between transgenic lines grown under ambient air conditions. Statistical difference based on ANOVA analysis (P < 0.05;
Supplemental File 1).
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In summary, BASS6 has been shown to be localized to the
chloroplast envelope where it functions along with PLGG1 to
export glycolate from chloroplast during photorespiratory me-
tabolism. Localization of the BASS6 protein to the chloroplast
envelope is supported by mass spectrometry proteomic analysis
of the chloroplast inner envelope (Zybailov et al., 2008), by Ara-
bidopsis BASS6-GFP localization in N. benthamiana (Figure 4),
and by immunoblot analysis of Arabidopsis leaf tissue extracts
(Supplemental Figure 3B). BASS6 glycolate transport function
was demonstrated by genetic complementation of growth on
glycolate (Figure 8A) and uptake of [14C] glycolate (Figure 8B) in
yeast. In addition, the overexpression of BASS6 complemented
the slow-growth phenotype of plgg1-1 (Figure 9B), and the loss of
BASS6 resulted in the accumulation of glycolate, which was even
higher in the bass6 plgg1 double mutant. Whereas BASS6 and
PLGG1work together in glycolate export, PLGG1 alone accounts
for the import of the glycerate that balances the export of two
glycolate molecules during photorespiration. Evidence that
BASS6 does not transport glycerate includes the fact that BASS
family proteins are unidirectional transporters andmetabolite data
showing the bass6-1 line does not accumulate glycerate as do
plants lackingPLGG1 (Figures6and7). Thedirect roleofBASS6 in
photorespiratory metabolism is shown by rescue of the slow
growth phenotype of bass6-1 by growth at high [CO2] and by
genetic complementation with BASS6 (Figure 2; Supplemental
Figure 1). Further evidence is the additive effect of the bass6
plgg1 double mutant on the high [CO2] reversible suppression of
growth (Figure 5C) and photosynthesis (Figure 5D) and the ac-
cumulation of photorespiratory metabolites when exposed to
low [CO2] (Figure 6).

METHODS

Plant Materials and Growth Conditions

Arabidopsis thalianaColumbia (Col-0) was used as thewild type reference.
Salk lines used in this study are listed in Supplemental Data Set 1. Salk
T-DNA lines were obtained from the Arabidopsis Biological Resource
Center, and homozygous mutations were verified using oligonucleotide
primers described in Supplemental Table 1. Plants were grown in elevated
(200 Pa), ambient (40 Pa), or low (12.5 Pa) CO2 in an 8-h-light/16-h-dark
cycle (22°C/18°C) at 250 mmol m22 s21 PAR and 65% relative humidity in
growth chambers (Conviron) using LC1 Sunshine Mix (Sun Gro).

Determination of Growth

Growth was monitored by recording images using the CF Imager Tech-
nologica (http://www.technologica.co.uk/). The Fluorimager software
determined the rosette size in mm2. The leaf area for each individual plant
was determined on days 7, 11, 14, 18, and 21. For each individual plant, the
growth rate was modeled with an exponential function [A(t) = A0e

rt] where
A = area, A0 = initial size, r = growth rate, and t = time (El-Lithy et al., 2004).

Chlorophyll Fluorescence Measurements

Arabidopsis plants were grown under ambient air or elevated CO2 con-
ditions andmoved to a sealed clear plastic container at lowCO2 conditions
under constant illumination for 24 h before chlorophyll fluorescence
measurements. Chlorophyll fluorescence measurements were done as
previously described (Oxborough and Baker, 1997; Badger et al., 2009).

Briefly, Fv/Fm images were taken after 15 min dark adaptation of either
9-d-old seedlings or 4-week-old plants using the CF Imager Technologica
(http://www.technologica.co.uk/). Maximum flash intensity was
6800 mmol m22 s21 for 800 ms. Image values were obtained for each
individual plant using the fluorimager software to define each position.

Photosynthesis Measurements

The youngest fully expanded leaves of 30- to 40-d-old Arabidopsis plants
grown at elevated [CO2] were used for analysis of CO2 assimilation by gas
exchange. Gas exchange measurements were performed using a LI-COR
6400XT with a 2-cm2 fluorescence measuring head with gasket leaks
corrected for as outlined in the manual (LI-COR Biosciences). A, gs, andCi

measurementswereobtainedat indicated referenceCO2concentrationsat
a leaf temperatureof25°Candsaturating light (1000mmolm22s21) fromthe
full A-Ci data set. The A-Ci curves were measured in a range of [CO2] (50–
2000 mbar) under the temperature and light conditions stated above after
acclimation under ambient CO2. Vcmax, Jmax, Rd, and gs were determined
using A-Ci data and the PsFit fitting routine (Bernacchi et al., 2003).

Cloning Procedures

All expression vectors are described in Supplemental Table 2. Promoters
and open reading frames were synthesized based on sequences obtained
from TAIR.

For the transient expression work on isolated protoplasts, the BASS6-
GFPconstructwasclonedas follows. ThecodingsequenceofArabidopsis
BASS6 (At4g22840) was synthesized by GENEWIZ with a C-terminal tag
containingmGFP6 (Haseloff, 1999), 6xHIS, andMYC andwas then cloned
into a modified Gateway-compatible pUC57 plasmid from which it was
recombined inpMDC32.TheArabidopsisPLGG1-GFPandP19constructs
have been described (Rolland et al., 2016).

For the remaining experiments, restriction sites and 4-bp regions of
homology were designed according to common syntax in plant synthetic
biology (Patron et al., 2015). Constructs were then assembled using the
Golden Gate cloning protocol then subcloned into a binary vector
(EC50505) (Werner et al., 2012; Engler et al., 2014;Marillonnet andWerner,
2015; Patron et al., 2015). For stable transformation, the binary vectors
were transformed into Agrobacterium tumefaciens C58C1 by electro-
poration and then transformed into the Col-0 wild-type strain, plgg1-1, or
bass6-1 T-DNA insertion lines using the floral dip method (Clough and
Bent, 1998). Transformed lineswere selected based onBASTA resistance,
and gene insertion was verified by PCR analysis. For transient expression,
constructswere designed as above driven by theCaMV35Spromoter with
a C-terminal GFP fusion.

Agroinfiltration and Microscopy of Nicotiana benthamiana

For the transient expression work on isolated protoplasts, growth and
infiltration experiments were as described by Rolland et al. (2016). Briefly,
Agrobacterium GV3101(pMP90) cells were transformed with plasmids of
interest and grown in LB media containing rifampicin (50 mg/mL) and
kanamycin (30 mg/mL). Cultures were grown for ;24 h in a 28 to 30°C
incubator and used for transformation of N. benthamiana leaves. Agro-
bacteria containing the P19 plasmid described above (OD600 = 0.3) were
mixed with bacteria containing the plasmid of interest and/or the endo-
plasmic reticulum compartment marker (OD600 = 0.5) (plasmid CD3-959
from the Arabidopsis Biological Resource Center; http://abrc.osu.edu;
Nelson et al., 2007). Cells were centrifuged for 8 min at 2150g and re-
suspended in 10 mM MES, pH 5.6, 10 mM MgCl2, and 150 mM aceto-
syringone. The cells were incubated for 2 h at room temperature and
infiltrated into 3- to 4-week-old N. benthamiana leaves.

Protoplasts were prepared as described by Rolland et al. (2016). Two
days after infiltration, a 4-cm2 area of infiltrated leaf was cut with a scalpel
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and transferred to a 5-mL syringe inwhich 2mLof digestion solution (1.5%
[w/v] CellulaseR-10, 0.4% [w/v]macerozymeR-10, 0.4Mmannitol, 20mM
KCl, 20 mMMES, pH 5.6, 10 mM CaCl2, and 0.1% [w/v] BSA) was added
and a gentle vacuumwasmanually applied. The digestion solution and the
leaf tissuewere transferred to a 2-mLEppendorf tube and incubated for 1 h
at room temperature. Leaf debris was removed using a forceps, and
protoplasts were allowed to sediment before the solution was replaced
with imaging solution (0.4 M mannitol, 20 mM KCl, 20 mM MES, pH 5.6,
10 mM CaCl2, and 0.1% [w/v] BSA).

Protoplasts were observed and imaged using an upright Zeiss LSM780
confocal laser scanning microscope (Carl Zeiss), a 403 water immersion
objective (NA = 1.1), and the Zen 2011 software package (Carl Zeiss). GFP
and chlorophyll were excited at 488 nmand recorded at 499 to 534 nmand
630 to 735 nm, respectively.

For the transient expression work on whole tissue, sliced whole-leaf
tissue was visualized using a Zeiss Lightsheet Z.1 microscope (Carl Zeiss)
as described, using a 403 objective (NA = 1.0) and the Zen Lightsheet
softwarepackage (CarlZeiss).GFPandchlorophyllwereexcitedat488nm,
and emission selection was recorded at 505 to 545 nm and 660 to 735 nm,
respectively.

Metabolic Profiling

For metabolite analysis,;40mg of fresh leaf tissue was frozen in liquid
nitrogen, crushed, and extracted with 500 mL of 100% methanol.
Samples were then submitted to the Metabolomics Center, Roy
J. Carver Biotechnology Center, University of Illinois at Urbana-
Champaign, where two additional extractions were performed:
isopropanol:acetonitrile:water (3:3:2 v/v) and chloroform:methanol
(2:2 v/v). Metabolites were analyzed using a GC-MS system (Agilent) con-
sisting of an Agilent 7890 gas chromatograph, an Agilent 5975 mass
selective detector, and a HP 7683B autosampler. Gas chromatography
was performed on a ZB-5MS capillary column (60-m 3 0.32-mm i.d.
and 0.25-mm film thickness; Phenomenex). The inlet and MS interface
temperatures were 250°C, and the ion source temperature was ad-
justed to 230°C. An aliquot of 1 mL was injected with the split ratio of
10:1. The helium carrier gas was kept at a constant flow rate of 2 mL/min.
The temperature program was a 5-min isothermal heating at 70°C,
followed by an oven temperature increase of 5°C min21 to 310°C and
a final 10 min at 310°C. The mass spectrometer was operated in
positive electron impact mode at 69.9 eV ionization energy atm/z 30 to
800 scan range. The spectra of all chromatogram peaks were com-
pared with electron impact mass spectrum libraries NIST08 (NIST),
W8N08 (Palisade), and a custom-built database (464 unique metab-
olites). All known artificial peaks were identified and removed. To allow
comparison among samples, all data were normalized to the internal
standard in each chromatogram and the sample wet weight. The
spectra of all chromatogram peaks were evaluated using the AMDIS
2.71 program (NIST). Metabolite concentrations were reported as
concentrations relative to the internal standard (i.e., target compound
peak area divided by peak area of hentriacontanoic acid): Ni (relative
concentration) = Xi (target compound peak area) * X21IS (peak area of
hentriacontanoic acid) per gram wet weight. The instrument variability
was within the standard acceptance limit of 5%.

Yeast Complementation and Glycolate Uptake Assays

All yeast strains are described inSupplemental Table 3. Yeast plasmids are
described in Supplemental Table 2 and were assembled as previously
described (South et al., 2010). Briefly, RNA was obtained from Col-0 wild-
type Arabidopsis and converted to cDNA using an RNeasy extraction kit
andaQuantitec reverse transcriptionkit (Qiagen). Thecodingsequencesof
full-length BASS6 and PLGG1 minus the chloroplast localization signal
(1224) were amplified by PCR using primers described in Supplemental

Table 1. The PCR product was cloned into the pRS415-ADH1 vector
(ATCC) usingBamHI andXhoI restriction sites. Yeast transformationswere
performedaspreviouslydescribedwithBY4741matawild-typeandady2D
strains (GE Dharmacon) (South et al., 2010, 2013).

Complementation of the ady2D strain was performed by comparing
growth analysis using glycolate as a carbon source. Wild-type and ady2D
strains transformed with BASS6, PLGG1, or empty vector expression
plasmidsweregrown in50mLcultures insynthetic completemedia lacking
leucine (SC-Leu yeast nitrogen base without amino acids, 20% glucose,
and synthetic complete dropout mix lacking leucine; Sunrise Biosciences)
until reaching an optical density of OD600 between 0.6 and 0.8. Cells were
then washed in water twice and resuspended in water. A spot assay was
performed on SC-Leu plates containing 2% glucose, lactate, or glycolate
as a carbon source. Five-microliter spots were dropped onto plates with
five 10-fold serial dilutions starting with an OD600 of 0.1. Plates were then
incubated at 30°C. Photographs of plates were taken at 1 d (glucose), 2 d
(lactate), and 7 d (glycolate).

Glycolate uptakemeasurementswereperformedsimilarly to glycerol
uptake assays described previously (Oliveira et al., 1996). Yeast strains
were grown in 50-mL cultures in SC-Leu at 30°C to an optical density of
OD600 between 0.6 and 0.8. Cells were harvested andwashed twicewith
water and resuspended in 100 mM Tris/citrate buffer, pH 5.0, at
a concentration of 30 mg/mL dry weight. After a 2-min incubation at
25°C, the reaction was started by adding 150 mL of SC-Leu/glycolate
containing 1 mL of an aqueous solution of 50 mCi/ mmol (3.7*103 [Bq]
total) [14C]-glycolic acid (American Radiolabeled Chemicals). After
10 min, the reaction was stopped by the addition of 5 mL of ice cold
water. The reaction mixtures were then filtered on glass fiber filters
(Fisher Scientific) and washed three times with 5 mL of ice-cold water.
[14C]-glycolate uptake was measured by scintillation counting using
the filters plus 4 mL of scintillation fluid (RPI Bio-safe II) using a Packard
Tri-Carb liquid scintillation counter (Perkin-Elmer).

RT-PCR Analysis

cDNA was generated from RNA extracted using the plant RNeasy ex-
traction kit and Quantitec reverse transcription kit (Qiagen) from 4-week-
old Arabidopsis plants grown under an 8-h/16-h day/night cycle at
180mmolm22 s21 PARand 22°C/18°C temperature regime at 65% relative
humidity. Three biological replicates including three technical replicates
each were used for all samples. Samples were analyzed using a Bio-Rad
CFX connect real-time PCR system (Bio-Rad Laboratories), and relative
changes in transcript abundancewere determined using theDDCtmethod
with primers directed toward violaxanthin deepoxidase, PLGG1, and
BASS6 transcripts. cDNA was amplified using a SSO advanced SYBR
green master mix (Bio-Rad), and primer sequences are described in
Supplemental Table 1.

Immunoblot Analysis

Leaf tissue was collected fromwild-type (Col-0) and bass6-1 plants grown
at elevated CO2, and organelles were isolated following Lang et al. (2011),
making adaptations for Arabidopsis organelle isolation as described by
Seigneurin-Berny et al. (2008) and Klein et al. (1998). Unless otherwise
noted, all steps were performed on ice or at 4°C. Leaves were briefly
homogenized in extraction buffer (50 mM HEPES-NaOH, pH 6.9, 0.33 M
sorbitol, 2 mM EDTA, 2mMMgCl2, 1 mMMnCl2, and 0.1% [w/v] BSA) and
filtered through three layers of Miracloth (Calbiochem). A fraction of filtrate
from this soluble leaf tissuewas centrifuged for 10min at 16,000g to enrich
for total organelle membrane fraction. The filtrate was centrifuged for
10min at 1500g to pellet chloroplasts, and the remaining supernatant was
decanted into a new tube to use for the isolation of mitochondria (see
below). Pelleted chloroplasts were resuspended in 3 mL of buffer (50 mM
HEPES-NaOH, pH 7.6, 0.33 M sorbitol, 2 mM EDTA, 2 mM MgCl2, 1 mM
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MnCl2, 10 mM KCl, and 1 mM NaCl) using a fine paintbrush, applied to
a 15-mL Percoll density gradient (top to bottom: 10% [v/v], 40% [v/v], and
80% [v/v] Percoll in resuspension buffer), and centrifuged for 20 min at
16,000g. Intact chloroplasts accumulated at the 40 to 80% interface and
were removedbyaspiration,washed twice in 10 volumesofwashingbuffer
(50 mM HEPES-NaOH, pH 7.6, 0.33 M sorbitol, 2 mM EDTA, and 2 mM
MgCl2), and centrifuged for 10 min at 1500g.

Plastid proteins were extracted by lysing the chloroplasts in a hy-
potonic buffer (10 mM Tricine-NaOH, pH 7.6, and 5 mM DTT) and briefly
sonicating the sample on ice. Proteins were precipitated with 4 times the
sample volume of ice-cold acetone, and the final protein pellet was
dissolved in SDSsample buffer (60mMTris-HCl, pH6.8, 10%glycerol [v/v],
and 2% [w/v] SDS). Using the supernatant of the original filtrate, mito-
chondria were enriched by a three-step centrifugation: two 5-min cen-
trifugations at 3000g and 6000g (organelles in supernatant) and one
centrifugation at 18,000g for 20 min (organelles in pellet). The crude mi-
tochondrial fraction was resuspended in 5 mL of wash buffer containing
20%[v/v] Percoll and overlaid on a two-step density gradient (top to
bottom: sample in 20% [v/v] Percoll, 5mL of 33% [v/v], and 5mL 80% [v/v]
Percoll). After centrifugation for 60 min at 18,000g, mitochondria were
isolated by aspiration. Percoll was removed by two successive washes
with 10 volumes washing buffer followed by centrifugation at 16,000g for
10 min. Mitochondria were suspended in 10 mM Tricine-NaOH (pH 7.6),
homogenized in a glass tissue homogenizer (Tenbroeck), and briefly
sonicated on ice.

Proteins were precipitated with acetone and the final protein pellet
wasdissolved inSDSsample buffer. Thepurity of the isolatedorganelles
and the cellular localization of BASS6 were determined by immu-
noblotting. Protein from whole-cell lysates (soluble and membrane
enriched), chloroplasts, andmitochondriawere loadedon a total protein
concentration basis, as determined by a Bradford assay (Bio-Rad), and
separated via SDS-PAGE. After electrophoresis, proteins were trans-
ferred to a polyvinylidene difluoride membrane (PVDF-F Millipore) using
the Trans-Blot electrophoresis transfer cell (Bio-Rad). Membranes were
incubated in Odyssey blocking buffer (LI-COR) or 5% nonfat milk in
TBS-T (20mMTris-HCl, 150mMNaCl, and 0.1% [v/v] Tween20), prior to
incubation with either anti-RBCL antibody (1:5000; Agrisera AS03 037),
anti-COXII antibody (1:1000; Agrisera AS04 053A), or custom rabbit
polyclonal anti-BASS6 serum raised against a peptide from AtBASS6
(Agrisera). Signals were developed with either an alkaline phosphate-
conjugated secondary antibody and colorimetric reagent (1:2500; Bio-
Rad) or a fluorescent goat anti-rabbit IgG (H+L) 800 CW secondary
antibody and visualized with the LI-COROdyssey scanner and software
(LI-COR Biosciences).

Statistical Analysis

All experimentshadat least threebiological replicates anddata indicate the
average values. Relative growth analysis and relative changes in mRNA
levels include SD. Relative growth, relative changes in mRNA levels, me-
tabolites, and photosynthetic measurements were analyzed either by
a one-way ANOVA (genotype) or two-way ANOVA (genotype by CO2

treatment)withasignificance thresholdofP<0.05 (SupplementalFile1).All
ANOVA analyses were followed with a Tukey’s post-hoc test and de-
termined using statistical software (OriginPro 9.1; OriginLab).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative under the following accession numbers: BASS6 (At4g22840),
GLYK (At1g80380), PLGG1 (At1g32080), and SHM1 (At4g37930). Germ-
plasm included bass6-1 (CS859747), bass6-2 (SALK_052903C), glyk
(SALK_036371), plgg1-1 (SALK_053469C), shm1-1 (a gift from Andreas
P.M. Weber, originally called stm in Somerville and Ogren, 1981).
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