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Abstract

Superoxide dismutases (SODs) protect against reactive oxygen species (ROS) by detoxify-

ing superoxide. Three types of SOD are present in plants: FeSOD, CuSOD, and MnSOD.

The Arabidopsis thaliana genome contains three FeSOD genes, in which two (FSD2, and

FSD3) are targeted to chloroplast thylakoids. Loss of FSD2 or FSD3 expression impairs

growth and causes leaf bleaching. FSD2 and FSD3 form heterocomplexes present in chlo-

roplast nucleoids, raising the question of whether FSD2 and FSD3 are functionally inter-

changeable. In this study, we examined how loss of FSD2 or FSD3 expression affects

photosynthetic processes and whether overexpression of one compensates for loss of the

other. Whereas loss of the cytosolic FSD1 had little effect, an fsd2 mutant exhibited

increased superoxide production, reduced chlorophyll levels, lower PSII efficiency, a lower

rate of CO2 assimilation, but elevated non-photochemical quenching (NPQ). In contrast,

fsd3 mutants failed to survive beyond the seedling stage and overexpression of FSD2 could

not rescue the seedlings. Overexpression of FSD3 in an fsd2 mutant, however, partially

reversed the fsd2 mutant phenotype resulting in improved growth characteristics. Overex-

pression of FSD2 or FSD3, either individually or together, had little effect. These results indi-

cate that, despite functioning as FeSODs, FSD2 and FSD3 are functionally distinct.

Introduction

Although photosynthesis is critical to most plants to capture and convert absorbed light energy

into chemical energy, an inevitable consequence of this process is the generation of reactive

oxygen species (ROS). As ROS can be highly damaging, plants have evolved several means to

manage ROS levels that include enzymatic and nonenzymatic mechanisms [1]. One such

mechanism involves superoxide dismutases (SODs) which reduce superoxide to hydrogen per-

oxide (H2O2) that in turn is converted to water by catalase [2]. The three types of SOD present

in plants based on their metal cofactors are iron SOD (FeSOD), copper–zinc SOD (Cu/

ZnSOD) and manganese SOD (MnSOD) each located in specific cellular locations including

the cytosol, mitochondria, and chloroplasts [3]. Three FeSOD genes (FE SUPEROXIDE DIS-

MUTASE) are present in the genome of Arabidopsis thaliana (FSD1, FSD2, and FSD3) [4].

PLOS ONE | https://doi.org/10.1371/journal.pone.0220078 July 22, 2019 1 / 19

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Gallie DR, Chen Z (2019) Chloroplast-

localized iron superoxide dismutases FSD2 and

FSD3 are functionally distinct in Arabidopsis. PLoS

ONE 14(7): e0220078. https://doi.org/10.1371/

journal.pone.0220078

Editor: Tohru Fukai, Medical College of Georgia at

Augusta University, UNITED STATES

Received: March 13, 2019

Accepted: July 7, 2019

Published: July 22, 2019

Copyright: © 2019 Gallie, Chen. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript.

Funding: This work was supported by the

University of California Agricultural Experiment

Station to DRG. The funders had no role in study

design, data collection and analysis, decision to

publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

http://orcid.org/0000-0001-9212-5764
https://doi.org/10.1371/journal.pone.0220078
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220078&domain=pdf&date_stamp=2019-07-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220078&domain=pdf&date_stamp=2019-07-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220078&domain=pdf&date_stamp=2019-07-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220078&domain=pdf&date_stamp=2019-07-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220078&domain=pdf&date_stamp=2019-07-22
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0220078&domain=pdf&date_stamp=2019-07-22
https://doi.org/10.1371/journal.pone.0220078
https://doi.org/10.1371/journal.pone.0220078
http://creativecommons.org/licenses/by/4.0/


Although FSD1 has been suggested to localize to the chloroplast [5–8], the mitochondrial

membrane [9], or the plasma membrane [10], more recent evidence suggests it is a cytosolic

protein whereas FSD2 and FSD3 are targeted to the chloroplast [11].

Loss of FeSOD expression can affect photosynthetic functioning. In the photosynthetic cyano-

bacterium, Synechococcus, loss of the cytosolic FeSOD results in inactivation of PSI and increased

photooxidative stress [12–14]. Arabidopsis mutants deficient in the chloroplast-localized FSD2 or

FSD3 exhibit a pale green phenotype [11]. The combinatorial loss of FSD2 and FSD3 expression

results in a more severe albino phenotype [11], suggesting that FSD2 and FSD3 function together

to maintain photosynthetic health. Interestingly, loss of FSD1 expression had little effect on photo-

synthetic functioning or plant growth [11]. As superoxide is unable to cross phospholipid mem-

branes, this suggests that the cytosolic location of FSD1 may prevent it from protecting the

chloroplast from superoxide generated during photosynthesis. Photoprotection conferred by SOD

activity is not limited to FSD2 and FSD3 as a reduction in the expression of CSD2, a chloroplast-

localized Cu/ZnSOD [7], resulted in lower photosynthetic activity and abnormal chloroplast devel-

opment characterized by a reduction in the quantity of granal thylakoids [15]. Overexpression of

FSD2 or FSD3, either alone or together, had no effect on plant growth under normal growth con-

ditions [11]. Although overexpression of FSD2 or FSD3 failed to provide increased tolerance to

oxidative stress imposed by methyl viologen, overexpression of both did improve tolerance [11].

Expression of FSD3-GFP suggested localization to plastid nucleoids whereas FSD2-GFP

was observed throughout the chloroplast stroma [11]. Nevertheless, interaction studies in vitro
and in vivo suggest that FSD2 and FSD3 form a heterocomplex in plastid nucleoids [11]. Plas-

tid-encoded plastid RNA polymerase (PEP) gene expression was specifically impaired in fsd2
and fsd3 mutants while nucleus-encoded plastid RNA polymerase (NEP) gene expression was

actually higher in the mutants than in wild-type plants [11]. As mutants of components of

transcriptionally active chromosomes (TACs) from Arabidopsis and mustard exhibited

expression patterns of plastid-encoded genes that were similar to fsd2 and fsd3 mutants [16],

the FSD2-FSD3 heterodimer has been suggested to function as part of the PEP complex during

plastid gene expression in plastid nucleoids to protect TACs against ROS during early chloro-

plast development [11]. Supporting this, electrospray ionization ion-trap tandem mass spec-

trometry analysis identified FSD2 and FSD3 as TAC components [16] and the mustard FSD3

homolog co-purified with soluble RNA polymerase (sRNAP) [17].

As FSD2 and FSD3 form heterocomplexes in chloroplast nucleoids and the loss of either

results in similar phenotypes, the extent to which FSD2 and FSD3 are functionally distinct

remains unknown. In this study, we examined whether overexpression of FSD3 could compen-

sate for loss of FSD2 expression or overexpression of FSD2 could compensate for loss of FSD3

expression. We observed that overexpression of FSD2 failed to rescue fsd3 seedlings beyond the

seedling stage. In contrast, overexpression of FSD3 in an fsd2-1 mutant partially reversed its

poor growth and low chlorophyll content. Overexpression of FSD3 partially reversed the ele-

vated production of superoxide in fsd2-1 mutant plants and partially reversed the low PSII effi-

ciency and low rate of CO2 assimilation of the mutant while reducing the elevated non-

photochemical quenching (NPQ) characteristic of fsd2-1 mutant plants. These results indicate

that, despite their presence as heterocomplexes in chloroplast nucleoids and the partial reversal

of fsd2-1 phenotypes by FSD3 overexpression, FSD2 and FSD3 exhibit functional differences.

Materials and methods

Plant growth

After surface-sterilization and cold treatment at 4˚C for 4 days in the dark, Arabidopsis seeds

were planted on 0.25 x MS agar plates containing 1% sucrose and grown at 20˚C in a plant

FSD2 and FSD3 are functionally distinct during photosynthesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0220078 July 22, 2019 2 / 19

https://doi.org/10.1371/journal.pone.0220078


growth room supplemented with Sylvania Gro-Lite fluorescent bulbs (Sylvania, Danvers MA,

USA) at a photon flux density (PFD) of 100 μmol photons m-2 s-1. For adult plants, seeds were

germinated on MS agar plates containing 1% sucrose for 1 week prior to transfer to soil.

Superoxide assay

The rate of superoxide production was measured spectrophotometrically as described [18, 19].

Arabidopsis seedlings were infiltrated with 10 ml of 10 mM citrate buffer pH 7.8 containing

50 μM XTT, i.e., sodium 3’-[1-(phenylamino)-carbonyl-3,4-triazolium]-bis(4-methoxy-

6-nitro) benzenesulfonic acid hydrate, and exposed to 1900 PFD under constant temperature.

The rate of superoxide production in the leaf samples was monitored spectrophotometrically

every 15 min at 470 nm (extinction coefficient of 2.16 x 104 M-1 cm-1) for 2 hr.

Chlorophyll pigment measurements

Chlorophyll a and b were measured spectrophotometrically as described [20]. Leaf samples

were ground in liquid nitrogen and extracted with 90% (v/v) acetone. The absorbance at 664

and 647 nm was determined and used to calculated chlorophyll a and b content by the equa-

tions: Chl a = 11.93A664-1.93A647 and Chl b = 20.36A647-5.50A664, respectively. Each experi-

ment was repeated 2–3 times and representative results presented.

Gas exchange and fluorescence measurements

Gas exchange and fluorescence measurements were performed using a LI-COR Li-6400 porta-

ble photosynthesis system (LI-COR, Lincoln, NE) with LI-6400-40 leaf chamber, a relative

humidity of 50%, and ambient level of CO2. Fluorescence measurements were taken using

overnight dark-adapted leaves. At the start of each experiment, the leaf was exposed to 2 min

of far-red illumination (1 PFD) for the determination of Fo (minimum fluorescence in the

dark-adapted state). Saturating pulses (0.8 s of 5000 PFD) were applied to determine the Fm or

Fm’ values. Actinic light, consisting of 90% of red light (λ = 630 ± 20 nm) and 10% blue light (λ
= 470 ± 20 nm) was provided by LED (light emission diode) sources. Fs is the steady fluores-

cence yield during actinic illumination. Fo’ (minimum fluorescence in the light-adapted state)

was determined in the presence of far-red (λ = 740 nm) light after switching off the actinic

light. A total of four to six samples were measured in each experiment. All data presented were

calculated from at least three independent measurements. Conventional fluorescence nomen-

clature was used [21]. NPQ was calculated from (Fm-Fm’)/Fm’ and φPSII from (Fm’-Fs’)/Fm’.

NPQf and NPQs were determined as described [22].

Statistical analysis

For each experiment, the mean and standard error reported of 4 to 6 replicates as indicated.

Each mean value was subjected to Student’s t-test and values of P� 0.05 were taken as statisti-

cally significant.

Results

Loss of FSD2 expression results in reduced photosynthetic activity

As reported previously [11], the absence of FSD2 expression in the fsd2-1 mutant results in

smaller plant stature due to slower growth under 100 PFD (Fig 1). Under these growth condi-

tions, fsd3 mutants such as fsd3-1 and fsd3-2 germinated but were severely bleached and died

at the seedling stage whether grown in soil or on agar under conditions ranging from low to

normal light. In agreement with previous work, loss of FSD1 expression had little effect on
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growth (Fig 1) [11]. Moreover, overexpression of FSD2 or FSD3, either individually or

together, had little effect on plant growth or size (Fig 1), suggesting that increasing FSD expres-

sion provided little benefit under these growth conditions.

Col 0 fsd1-1

Nossan fsd2-1

FSD2OE FSD3OE
FSD2OE
FSD3OE

Nossan fsd2-1

Col 0 fsd1-1 FSD2OE FSD3OE
FSD2OE
FSD3OE

Col 0 fsd1-1

Nossan fsd2-1

FSD2OE FSD3OE
FSD2OE
FSD3OE

B

A

Fig 1. Growth phenotypes of FeSOD mutants. Plants were grown at 100 PFD to a similar developmental stage. In A, plants were grown at 100 PFD for 2.5

weeks (left panel) or 4 weeks (right panel). In B, leaves of each line from 4 week old adult plants grown at 100 PFD.

https://doi.org/10.1371/journal.pone.0220078.g001
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To examine whether loss of FSD expression resulted in a reduced capacity to scavenge

ROS, superoxide production was measured in leaves of adult plants grown under 100 PFD.

Although superoxide production was lower in Nossen (the genetic background for the fsd2
mutant) than in Col 0 (the genetic background for the fsd1 and fsd3 mutants), the level of

superoxide production was substantially higher in the fsd2-1 mutant relative to Nossen

(Table 1). Superoxide production increased slightly in leaves of fsd1-1 plants relative to the lev-

els in Col 0 leaves but this difference was not significant (Table 1). Superoxide production was

measured also in plants overexpressing in either FSD2 or FSD3. Previous work had shown that

overexpression of FSD2 or FSD3 in Col 0 using the CaMV 35S promoter successfully comple-

mented the fsd2-1 or fsd3-1 mutants, respectively [11], demonstrating that each was expressed.

Using these same lines, we examined if overexpression of FSD2 and/or FSD3 would provide

any benefit to wild-type plants under the conditions employed. Overexpression of FSD2 or

FSD3, however, had little effect on superoxide production in adult plants (Table 1). A slight

increase in superoxide production was observed in leaves of plants overexpressing FSD2 and

FSD3 but this difference was not significant.

The fsd2-1 mutant not only grew slower but was noticeably less green (Fig 1) as reported

previously [11]. This was confirmed by quantitation of chlorophyll levels in which chlorophyll

a (Chl a) and chlorophyll b (Chl b) levels were substantially lower in the fsd2-1 mutant relative

to wild-type Nossen plants (Table 2). The extent of reduction of Chl a and Chl b levels was sim-

ilar resulting in a Chl a/b ratio close to that observed in Nossen. In contrast to the fsd2-1
mutant, the chlorophyll levels in fsd1-1 were largely unchanged from those in Col 0 (Table 2).

Overexpression of FSD2 or FSD3, either individually or together, did not alter chlorophyll lev-

els or the Chl a/b ratio.

The reduction in chlorophyll levels and the slower growth of the fsd2-1 mutant may indicate

altered photosynthetic activity. To examine this, the rate of CO2 assimilation was measured in

adult leaves of the fsd2-1 mutant and the other lines. At 100 PFD, the light level used for plant

growth, the rate of CO2 assimilation in fsd2-1 was reduced to approximately 25% of that

observed in Nossen (Table 3). The reduction in the rate of CO2 assimilation was not due to a

reduction in the internal concentration of CO2 (Ci) in fsd2-1 as Ci was actually higher in fsd2-1
than in Nossen (Table 3). Although the rate of CO2 assimilation was higher when leaves were

exposed to 200 PFD, the rate in fsd2-1 remained approximately 25% of that observed in Nossen

(Table 3). In contrast, the rate of CO2 assimilation and Ci in fsd1-1 were not significantly dif-

ferent from those in wild-type Col 0 at either light level (Table 3). Overexpression of FSD2 or

FSD3, either individually or together, had little to no effect on the rate of CO2 assimilation.

These results suggest that the slow growth phenotype of the fsd2-1 mutant may be a result of

its substantially lower photosynthetic activity.

Table 1. Loss of fsd2 results in an increase in superoxide.

Superoxide productiona

(nmol/min/g FW)

t-test

Nossen 5.82 ± 1.22

fsd2-1 17.5 ± 2.34 P<0.05

Col 0 8.22 ± 1.63

fsd1-1 11.0 ± 1.83 P = 0.190

FSD2OE 9.09 ± 1.70 P = 0.628

FSD3OE 8.84 ± 1.43 P = 0.700

FSD2OE/FSD3OE 10.6 ± 1.81 P = 0.248

aDetermined from three replicates of three-week old plants (4.5 weeks for fsd2-1) grown at 100 PFD.

https://doi.org/10.1371/journal.pone.0220078.t001
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Loss of FSD2 expression results in an increase in NPQ

NPQ and photosynthesis contribute to the quenching of absorbed light energy and as such are

competing quenching processes. As the fsd2-1 mutant exhibits reduced photosynthetic activ-

ity, NPQ was measured to determine whether it exhibits an altered induction profile. Dark-

adapted leaves from plants grown at 100 PFD that were exposed to 111 PFD exhibited an initial

rapid induction of total NPQ followed by a partial relaxation upon the induction of photosyn-

thetic activity (Fig 2A). Although the NPQ induction profile in fsd1-1 leaves was similar to that

in Col 0, NPQ in fsd2-1 leaves was induced to a substantially higher level during exposure to

light and did not relax as it did in Nossen (Fig 2A). The higher level of NPQ in fsd2-1 corre-

lated with a substantially lower level of PSII efficiency (FPSII) relative to Nossen (Fig 2B). In

contrast, FPSII in fsd1-1 was similar to the level observed in Col 0 (Fig 2B).

When dark-adapted leaves from plants grown at 100 PFD were exposed to 400 PFD, an ini-

tial rapid induction of total NPQ was observed for all lines followed by a plateau for the dura-

tion of the measuring time (Fig 3A). The only exception was fsd2-1 in which NPQ was

induced similar to the other lines but continued to increase while the NPQ levels in the other

lines began to level off (Fig 3A). The FPSII in fsd2-1 was substantially lower than in the other

lines, including fsd1-1 (Fig 3B).

To examine whether exposure to light affected the quantum yield in fsd2-1 leaves to a

greater extent than in wild-type plants, the fluorescence parameters Fv and Fm were measured

and the Fv/Fm ratio calculated. Dark-adapted leaves from plants grown at 100 PFD that were

exposed to high light (1200 PFD) exhibited a rapid decrease in Fv/Fm that rose upon transfer

to dark (Fig 4A). The maximum quantum yield was lower in fsd2-1 and decreased to a greater

extent than in Nossen (Fig 4A). In contrast, the quantum yield in fsd1-1 decreased only slightly

relative to that observed in Col 0 (Fig 4A). No significant change in Fv/Fm was observed in

plants overexpressing FSD2 or FSD3, either individually or combinatorically (Fig 4B). The

reduction in maximum quantum yield in dark-adapted fsd2-1 leaves indicates a level of altered

function of PSII reaction centers not present in wild-type plants.

NPQ is composed of qE which dissipates excess absorbed excitation energy as heat, state

transition quenching (qT), photoinhibitory processes (qI), and qZ, which is distinct from qT

[23]. These processes contributing to total NPQ can be grouped into those that relax quickly

or slowly following transfer to dark and can be measured as fast (NPQf) and slow (NPQs)

relaxation components of NPQ during recovery from exposure to high light. NPQf largely rep-

resents qE whereas NPQs represents slower components of NPQ, including qI. If the induction

of NPQ in fsd2-1 leaves observed in Figs 2A and 3A is indicative of an increase in qE, this

would be reflected in an elevated NPQf whereas an increase in photodamage in fsd2-1 as

Table 2. fsd2 mutant plants exhibit reduced chlorophyll content.

Chl aa

(μg/g FW)

Chl ba

(μg/g FW)

Chl a+ba

(μg/g FW)

Chl a/ba

Nossen 634 ± 15.9 217 ± 9.4 851 ± 24.4 2.93 ± 0.08

fsd2-1 478 ± 24.8 159 ± 3.1 636 ± 27.6 3.01 ± 0.10

Col 0 687 ± 19.6 235 ± 0.89 922 ± 19.8 2.92 ± 0.08

fsd1-1 664 ± 21.4 224 ± 14.5 888 ± 32.5 2.98 ± 0.15

FSD2OE 662 ± 28.0 216 ± 9.2 878 ± 36.3 3.07 ± 0.06

FSD3OE 679 ± 27.0 222 ± 11.6 901 ± 38.5 3.06 ± 0.04

FSD2OE/FSD3OE 678 ± 22.0 227 ± 3.6 904 ± 25.5 2.99 ± 0.05

aDetermined from three replicates of two-week old plants (3 weeks for fsd2-1) grown at 100 PFD.

https://doi.org/10.1371/journal.pone.0220078.t002
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suggested in Fig 4A would be reflected in an increase in NPQs. NPQf was significantly elevated

in fsd2-1 leaves whereas NPQs was only slightly increased, but not significantly, over that

observed in Nossen (Table 4). This suggests that under these conditions the elevated total NPQ

observed in fsd2-1 is largely due to fast relaxation components of NPQ such as qE although

some degree of photoinhibition may have occurred during the measuring period as well. Nei-

ther NPQf nor NPQs was significantly altered in fsd1-1 relative to Col 0 (Table 4), consistent

with an NPQ induction profile that is similar to that in Col 0 (Fig 2A). Overexpression of

FSD2 or FSD3, either individually or together, had little to no effect on either NPQf or NPQs.

Photoinhibition can involve damage to PSII reaction centers as a means to limit ROS gener-

ation and damaged PSII reaction centers require new protein synthesis for their repair [24–

28]. Inhibiting chloroplast protein synthesis inhibits PSII repair and results in a greater reduc-

tion in the quantum efficiency (i.e., Fv/Fm) during light exposure [29]. To examine whether

photoinhibition in fsd2-1 leaves occurs at a greater level than in wild-type leaves in the absence

of repair activity, adult leaves from plants grown under 100 PFD were infiltrated with either 1

mM chloramphenicol/1% ethanol to inhibit chloroplast protein synthesis or 1% ethanol alone

and the leaves were then exposed to high light (500 PFD). When new protein synthesis was not

inhibited, the quantum yield in fsd2-1 leaves decreased at a rate similar to that observed in

Nossen (Fig 5A). Although the quantum yield in Nossen decreased more rapidly when new

protein synthesis was inhibited, it decreased even more rapidly in fsd2-1, suggesting photo-

damage to PSII. The quantum yield in fsd1-1 decreased at a rate similar to that observed in Col

0 regardless of whether chloroplast protein synthesis was inhibited or not (Fig 5B), suggesting

that fsd1-1 does not experience greater photodamage as a result of the loss of FSD1 expression.

Similar results were observed in plants overexpressing FSD2 or FSD3, either individually or

together (Fig 5C), suggesting that an increase in FSD2 and/or FSD3 does not confer greater

photoprotection.

FSD3 overexpression can partially complement the loss of FSD2 expression

FSD2 and FSD3 were reported to localize to chloroplast thylakoids and not the stroma [11]. As

each protein lacks a transmembrane domain, they were predicted to be attached to the stromal

side of thylakoid membranes. Because of their association in heterocomplexes and co-localiza-

tion in within chloroplast nucleoids [11], we examined whether overexpression of FSD3

(FSD3OE) could compensate for loss of FSD2 expression or whether overexpression of FSD2

(FSD2OE) could compensate for loss of FSD3 expression. Using the same lines in which FSD2

and/or FSD3 were overexpressed from the 35S promoter [11], we examined whether any level

Table 3. Loss of fsd2 results in a decreased rate of CO2 assimilation.

CO2 assimilation (μmol CO2/m2/sec/g FW)a

100 PFD Ci (ppm) 200 PFD Ci (ppm)

Nossen 3.96 ± 0.63 290 ± 11.7 5.66 ± 0.38 299 ± 15.1

fsd2-1 0.94 ± 0.30 381 ± 13.0 1.45 ± 0.27 365 ± 25.4

Col 0 4.12 ± 0.58 296 ± 20.3 5.88 ± 0.38 306 ± 12.8

fsd1-1 3.93 ± 0.44 304 ± 31.4 5.73 ± 0.41 299 ± 30.1

FSD2OE 3.85 ± 0.41 293 ± 37.0 5.55 ± 0.44 334 ± 7.6

FSD3OE 3.84 ± 0.39 293 ± 20.1 5.83 ± 0.51 296 ± 14.4

FSD2OE/FSD3OE 3.62 ± 0.36 319 ± 10.6 5.54 ± 0.21 325 ± 13.8

aDetermined from three replicates of three-week old plants (4.5 weeks for fsd2-1) grown at 100 PFD.

https://doi.org/10.1371/journal.pone.0220078.t003
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of cross-complementation could be achieved following their overexpression. FSD3OE plants

were crossed with fsd2-1 plants and homozygous fsd2-1/FSD3OE progeny isolated in subse-

quent generations. Similarly, FSD2OE plants were crossed with FSD3/fsd3-1 heterozygous

plants (as fsd3-1 null plants were unable to grow to maturity) and progeny subsequently

screened for fsd3-1/FSD2OE individuals.

No homozygous fsd3-1/FSD2OE progeny from FSD2OE plants that were heterozygous for

FSD3 (i.e., FSD3/fsd3-1) could be isolated beyond the seedling stage, suggesting that overex-

pression of FSD2 was unable to compensate for loss of FSD3 expression in the fsd3-1 mutant.

Similar results were obtained when the fsd3-2 mutant was used. In contrast, fsd2-1/FSD3OE

progeny could be isolated. The cotyledons of fsd2-1/FSD3OE seedlings were greener than

those of fsd2-1 plants (Fig 6A) and adult fsd2-1/FSD3OE plants were larger and greener than

fsd2-1 plants although they remained smaller than Col 0 or FSD3OE plants (Fig 6B). These

data suggest that overexpression of FSD3 can partially compensate for loss of FSD2 expression

in the fsd2-1 mutant to result in improved growth that is observed as early as the seedling stage

and persists through to the adult stage of growth. The fact that overexpression of FSD3 could

not fully reverse the poor growth phenotype of the fsd2-1 mutant, however, suggests that FSD2

and FSD3 are not functionally identical.

0

0.1

0.2

0.3

0.4

0.5

0.6

0 100 200 300 400

  Col 0
  Nossen
  fsd1-1
  fsd2-1
  FSD2OE
  FSD3OE
  FSD2OE+FSD3OE

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 100 200 300 400

  Col 0
  Nossen
  fsd1-1
  fsd2-1
  FSD2OE
  FSD3OE
  FSD2OE+FSD3OE

B

Time (sec)

N
P

Q

A

Time (sec)

Φ
PS

II
 

Fig 2. The fsd2-1 mutant exhibits increased induction of non-photochemical quenching under low light. (A) NPQ and (B) PSII efficiency (FPSII) were

simultaneously measured in dark-adapted Col 0 (open circles), Nossen (open triangles), fsd1-1 (filled circles), fsd2-1 (filled triangles), FSD2OE (filled squares), FSD3OE

(open squares), and FSD2OE and FSD3OE (filled diamonds) plants grown at 100 PFD to a similar developmental stage and exposed to 111 PFD. Six replicates were

assayed for each line with the average and standard error reported.

https://doi.org/10.1371/journal.pone.0220078.g002
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Because fsd2-1 leaves exhibit extensive bleaching with some green regions, particularly near

leaf margins, whereas fsd2-1/FSD3OE leaves appear greener (Fig 6), the chlorophyll levels in

each were measured quantitatively. As observed in leaves of adult plants, the levels of Chl a

and Chl b in 7 day old plants were substantially lower in fsd2-1 relative to Col 0 or FSD3OE

(Table 5). The levels of Chl a and Chl b in fsd2-1/FSD3OE plants, however, were substantially

higher than those in fsd2-1, although they remained lower than those in Col 0 or FSD3OE

(Table 5). Interestingly in these younger plants, the Chl a/b ratio was lower in fsd2-1 than in

WT because the level of Chl a was disproportionately lower than the level of Chl b. However,

the Chl a/b ratio in fsd2-1/FSD3OE was near to the ratio observed for Col 0 and FSD3OE.

These data suggest that overexpression of FSD3 partially reverses the defects in chlorophyll lev-

els observed in the fsd2-1 mutant.

The fsd2-1 mutant was characterized by increased superoxide production relative to Nossen

(Table 1). To examine whether overexpression of FSD3 in the fsd2-1 mutant could reverse this

elevated production of superoxide, superoxide was measured in leaves of 7 day plants grown

under 100 PFD. Superoxide production was lower in the fsd2-1 mutant overexpressing FSD3

relative to the level in the fsd2-1 mutant itself although it remained higher than in WT
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Fig 3. The fsd2-1 mutant exhibits increased induction of non-photochemical quenching under high light. (A) NPQ and (B) PSII efficiency (FPSII) were

simultaneously measured in dark-adapted Col 0 (open circles), Nossen (open triangles), fsd1-1 (filled circles), fsd2-1 (filled triangles), FSD2OE (filled squares),

FSD3OE (open squares), and FSD2OE and FSD3OE (filled diamonds) plants grown at 100 PFD to a similar developmental stage and exposed to 400 PFD. Five

replicates were assayed for each line with the average and standard error reported.

https://doi.org/10.1371/journal.pone.0220078.g003
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(Table 6). Overexpression of FSD3 did not significantly alter the level of superoxide produc-

tion relative to WT (Table 6). These data support the notion that overexpression of FSD3 par-

tially compensates for loss of FSD2 expression in the fsd2-1 mutant but fails to fully

complement loss of FSD2 expression.

The maximum quantum yield was measured in fsd2-1/FSD3OE leaves to determine

whether it correlated with the reduction in superoxide production observed for this line rela-

tive to fsd2. As observed above (Fig 4A), the maximum quantum yield in fsd2 was reduced
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https://doi.org/10.1371/journal.pone.0220078.g004

Table 4. fsd2 mutant plants exhibit elevated NPQf and NPQs relaxation.

NPQf
a NPQs

a

Nossen 0.117 ± 0.021 0.182 ± 0.018

fsd2-1 0.998 ± 0.21 0.203 ± 0.036

Col 0 0.128 ± 0.044 0.169 ± 0.034

fsd1-1 0.097 ± 0.034 0.163 ± 0.052

FSD2OE 0.106 ± 0.034 0.174 ± 0.027

FSD3OE 0.111 ± 0.035 0.185 ± 0.023

FSD2OE/FSD3OE 0.119 ± 0.032 0.177 ± 0.010

aDetermined from three replicates of two-week old plants (3 weeks for fsd2-1) grown at 100 PFD that were exposed

to 1000 PFD for 25 min prior to relaxation in dark.

https://doi.org/10.1371/journal.pone.0220078.t004

FSD2 and FSD3 are functionally distinct during photosynthesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0220078 July 22, 2019 10 / 19

https://doi.org/10.1371/journal.pone.0220078.g004
https://doi.org/10.1371/journal.pone.0220078.t004
https://doi.org/10.1371/journal.pone.0220078


0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 1 2 3

 Col 0/1% EtOH

 FSD2OE/1% EtOH

 FSD3OE/1% EtOH

 FSD2OE/FSD3OE/1% EtOH

 Col 0/1mM CM

 FSD2OE/1mM CM

 FSD3OE/1mM CM

 FSD2OE/FSD3OE/1mM CM

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1 2 3 4

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 1 2 3

Nossen/1% EtOH

fsd2-1/1% EtOH

Nossen/1mM CM

fsd2-1/1mM CM

Time (hr)

Fv
/F

m
(H

L)
/F

v/
Fm

(d
ar

k)

C

Time (hr)

Fv
/F

m
(H

L)
/F

v/
Fm

(d
ar

k)

A

Time (hr)

Fv
/F

m
(H

L)
/F

v/
Fm

(d
ar

k)

B

Col 0/1% EtOH

Col 0/1mM CM

fsd1-1/1% EtOH

fsd1-1/1mM CM

FSD2 and FSD3 are functionally distinct during photosynthesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0220078 July 22, 2019 11 / 19

https://doi.org/10.1371/journal.pone.0220078


relative to WT (Table 7). The maximum quantum yield in fsd2-1/FSD3OE leaves, however,

was substantially higher than that in fsd2-1, although it remained lower than in Col 0 or

FSD3OE (Table 7). These data suggest that overexpression of FSD3 partially reverses the defect

in the maximum quantum yield observed in the fsd2-1 mutant.

To examine the extent to which overexpression of FSD3 can restore a normal NPQ induc-

tion profile to the fsd2-1 mutant, the induction of NPQ was measured in adult leaves. Dark-

adapted leaves from plants grown at 100 PFD exhibited a transient induction of NPQ when

exposed to 111 PFD that decreased as photosynthesis was activated (Fig 7A). The level of NPQ

in Col 0, Nossen, and FSD3OE decreased to a similar low level following the initial transient

induction. The level of NPQ in fsd2-1 remained elevated at a substantially higher level

throughout the period of measurement (Fig 7A). Following the initial transient induction,

however, the level of NPQ in fsd2-1/FSD3OE leaves decreased to a level that was substantially

lower than in fsd2-1 and just moderately higher than that observed in Col 0, Nossen, and

FSD3OE. Whereas the level of FPSII was induced to a substantially lower level in fsd2-1 than

in Col 0, Nossen, and FSD3OE, FPSII in fsd2-1/FSD3OE leaves was induced to level that was

much closer, albeit slightly lower, than that in Col 0, Nossen, and FSD3OE (Fig 7B).

Similar results were obtained when a higher level of light was used. NPQ rose rapidly fol-

lowing exposure to 400 PFD. Although the level of NPQ in Col 0, Nossen, and FSD3OE

reached a near plateau, NPQ continued to increase in fsd2-1 to a substantially higher level (Fig

8A). In contrast, the level of NPQ in fsd2-1/FSD3OE leaves was substantially lower than in

fsd2-1 but modestly higher than that observed in Col 0, Nossen, and FSD3OE. The level of

FPSII reached following exposure to 400 PFD was highest in FSD3OE and Col 0 whereas the

level of FPSII was extremely low for the fsd2-1 mutant relative to Nossen (Fig 8B). In fsd2-1/

FSD3OE leaves, however, the level of FPSII was only moderately lower than in either Nossen

or Col 0 and substantially higher than that in fsd2-1 (Fig 8B). These results indicate that over-

expression of FSD3 partially complements the defects in NPQ and FPSII observed for the

fsd2-1 mutant.

Discussion

Of the three FeSOD genes present in Arabidopsis, FSD2 and FSD3 contribute substantially to

chloroplast development and growth under normal conditions [11]. Interestingly, these two

FeSODs are encoded by nuclear genes but are targeted to the chloroplast thylakoid membrane

[11]. The third FeSOD member, FSD1, although previously suggested to localize to the chloro-

plast [5–8], was later shown to be cytosolic [11] and loss of FSD1 expression had little effect on

photosynthetic processes. In contrast, loss of FSD2 or FSD3 expression resulted in severe leaf

bleaching, slow growth, and delayed flowering. Loss of FSD3 expression appears to have a

more profound effect on plant growth than does loss of FSD2 expression [11]. Indeed, fsd3-1
and fsd3-2 mutants failed to survive beyond the seedling stage under the growth conditions

employed in this study whereas fsd2-1 mutant plants could be soil-grown and could flower.

Nevertheless, fsd2-1 mutant plants exhibited extensive leaf bleaching, slow growth, and

reduced stature, particularly during the early stages of growth. As fsd2-1 mutant plants

approached flowering, the leaves became greener and plant growth improved although never

approaching the size of wild-type plants. The pronounced phenotypes observed with the fsd2-1

Fig 5. FSD2 is required to protect against photoinhibition. Leaves from adult plants grown at 100 PFD to a similar

developmental stage were exposed to light at 500 PFD for the times indicated after vacuum infiltration in the presence

of 1 mM chloramphenicol (Cm) or in ethanol carrier only (EtOH). Photoinhibition is reported as the ratio of Fv/Fm

during high light treatment to the Fv/Fm in dark adapted leaves prior to light exposure. (A) Nossen and fsd2-1, (B) Col

0 and fsd1-1, and (C) Col 0, FSD2OE, FSD3OE, and FSD2OE/FSD3OE.

https://doi.org/10.1371/journal.pone.0220078.g005

FSD2 and FSD3 are functionally distinct during photosynthesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0220078 July 22, 2019 12 / 19

https://doi.org/10.1371/journal.pone.0220078.g005
https://doi.org/10.1371/journal.pone.0220078


WT FSD3OE

fsd2-1 fsd2-1/FSD3OE

WT FSD3OE

fsd2-1 fsd2-1/FSD3OE

WWWWWWWT FSD3OE

fffssd2-1 ffffsd2-1/FSD3OE//

WT FSD3OE

fsd2-1 fsd2-1/FSD3OE

B

A

FSD2 and FSD3 are functionally distinct during photosynthesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0220078 July 22, 2019 13 / 19

https://doi.org/10.1371/journal.pone.0220078


mutant correlated with increased superoxide production that was not observed in the fsd1-1
mutant, suggesting that FSD1 does not contribute substantially to superoxide reduction under

normal growth conditions. Our data show for the first time that the lower chlorophyll levels

present in fsd2-1 mutant plants was accompanied by a substantially lower rate of CO2 assimila-

tion, indicating that photosynthetic activity in the mutant is severely compromised. This find-

ing is consistent with our observation that the fsd2-1 mutant experienced a greater level of

damage to PSII as revealed by measuring quantum efficiency under conditions of high light

when protein synthesis in the chloroplast was inhibited by chloramphenicol.

The low photosynthetic activity in fsd2-1 mutant plants was also indicated by a low PSII

efficiency, a measure of the proportion of light entering PSII actually used for photochemistry.

The reduction in PSII efficiency in fsd2-1 mutant plants was accompanied by an elevation in

total NPQ which differs from the reduction in NPQ previously reported for this mutant [11].

The reason for this difference is unknown although endpoint measurements of NPQ as

reported in [11] are highly dependent on the timing of measurements and the conditions

employed which were not described in detail in this previous study. The approach employed

in the present study used kinetic analysis of the induction of NPQ, PSII efficiency, and Fv/Fm

instead of single point measurements. Because each of these parameters can change substan-

tially as a plant responds to light, kinetic analysis reveals considerably more information than

single point measurements. Interestingly, most of the increase in NPQ observed in fsd2-1
mutant in the present study was due to rapidly relaxing components of NPQ such as qE. As

photochemical and non-photochemical quenching are competitive processes, this supports

the notion that the reduction in photosynthetic activity may be responsible for the increase in

rapidly reversible component of NPQ.

FSD2 and FSD3 form heterocomplexes and are present in chloroplast nucleoids [11]. This

interaction, however, did not result in increased SOD activity [11], suggesting that the purpose

of their interaction appears unrelated to regulating SOD activity. Given that FSD2 and FSD3

co-localize to the same region within the chloroplast, however, might suggest that loss of

expression of one of these FeSODs may be compensated by the overexpression of the other.

Overexpression of FSD2 and FSD3 together in Arabidopsis was reported to increase toler-

ance to oxidative stress imposed by methyl viologen more than did overexpression of FSD2 or

FSD3 alone [11]. Our data show for the first time that no decrease in superoxide production

was observed in Arabidopsis overexpressing FSD2 or FSD3, either separately or together

(Table 1). Moreover, no significant change in chlorophyll levels (Table 2), NPQ orFPSII (Fig

2), or the rate of CO2 assimilation (Table 3) was observed, suggesting that overexpression of

Fig 6. Overexpression of FSD3 partially complements the growth defects of the fsd2-1 mutant. (A) Col 0, FSD3OE,

fsd2-1, and fsd2-1/FSD3OE seed were germinated on MS medium and grown at 100 PFD for 7 days. (B) Col 0,

FSD3OE, fsd2-1, and fsd2-1/FSD3OE plants were grown for 4 weeks in soil at 100 PFD.

https://doi.org/10.1371/journal.pone.0220078.g006

Table 5. The reduced chlorophyll content in fsd2 mutant plants can be partially reversed by FSD3 overexpression.

Chl aa

(μg/g FW)

Chl ba

(μg/g FW)

Chl a+ba

(μg/g FW)

Chl a/ba

Col 0 221 ± 3.19 84.9 ± 1.75 306 ± 13.8 2.60 ± 0.07

FSD3OE 223 ± 8.5 87.9 ± 2.84 310 ± 11.2 2.57 ± 0.04

fsd2-1 31.7 ± 0.40 16.9 ± 2.54 48.6 ± 2.85 1.91 ± 0.24

fsd2-1 + FSD3OE 106 ± 1.84 43.0 ± 1.28 149 ± 5.92 2.48 ± 0.07

aDetermined from three replicates of 7-day old plants grown at 100 PFD.

https://doi.org/10.1371/journal.pone.0220078.t005

FSD2 and FSD3 are functionally distinct during photosynthesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0220078 July 22, 2019 14 / 19

https://doi.org/10.1371/journal.pone.0220078.g006
https://doi.org/10.1371/journal.pone.0220078.t005
https://doi.org/10.1371/journal.pone.0220078


FSD2 and/or FSD3 does not significantly alter photosynthetic parameters under normal

growth conditions. Whether FSD2 and/or FSD3 overexpression can confer greater tolerance

to natural conditions that result in a greater oxidative load, e.g., under conditions of stress, will

be useful to examine in future work.

Myouga et al., 2008 [11] did not investigate whether FSD2 or FSD3 can cross-complement

in the absence of expression from the other. Overexpression of FSD2 in the fsd3-1 mutant

failed to compensate for the loss of FSD3 expression in this mutant, at least at the seedling

stage. As fsd3-1 mutant seedlings overexpressing FSD2 failed to survive beyond the seedling

stage, it was not possible to determine whether overexpression of FSD2 might compensate for

the loss of FSD3 expression at later stages of growth. In contrast to these findings, overexpres-

sion of FSD3 in the fsd2-1 mutant did partially compensate for the loss of FSD2 expression

which was readily observable in seedlings and in adult plants which were greener and larger

(Fig 5). The overexpression of FSD3 in the fsd2-1 mutant reduced the level of superoxide pro-

duction and increased chlorophyll content. Overexpression of FSD3 in the fsd2-1 mutant also

partially reversed the aberrantly higher induction of NPQ during exposure to light.

Conclusions

The fact that overexpression of FSD3 in the fsd2-1 mutant only partially compensated for the

loss of FSD2 expression and that overexpression of FSD2 in the fsd3-1 mutant failed to com-

pensate for the loss of FSD3 expression does suggest, however, that FSD2 and FSD3 are func-

tionally distinct to some extent and that the effects that reductions in the level of one FeSOD

has on photosynthetic processes cannot be reversed simply by increasing the expression of the

other. This suggests that it is not necessarily the additive effect of chloroplast-localized SOD

activities that is critical in maintaining plant health under growth conditions. Rather, FSD2

and FSD3 (and possibly CSD2) are likely performing specific functions not easily replaced by

the other FeSOD. Such specific functions may involve their ability to interact with other

Table 6. The increased superoxide production in fsd2 mutant plants can be partially reversed by FSD3

overexpression.

Superoxide productiona

(nmol/min/g FW)

t-test

Col 0 794 ± 163

FSD3OE 1001 ± 292 P = 0.204

fsd2-1 2975 ± 820 P<0.05

fsd2-1 + FSD3OE 1435 ± 284 P<0.01

aDetermined from three replicates of 7-day old plants grown at 100 PFD.

https://doi.org/10.1371/journal.pone.0220078.t006

Table 7. The reduction in the maximum quantum yield of fsd2 mutant seedlings is partially reversed by FSD3

overexpression.

Fv/Fma

(Fm-Fo)/Fm

t-test

Col 0 0.766 ± 0.002

FSD3OE 0.755 ± 0.007 P = 0.681

fsd2-1 0.110 ± 0.010 P<0.001

fsd2-1 + FSD3OE 0.536 ± 0.013 P<0.005

aDetermined from three replicates of 10-day old seedlings grown at 100 PFD.

https://doi.org/10.1371/journal.pone.0220078.t007
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chloroplast components to facilitate their efficient reduction of superoxide radicals or to pre-

vent superoxide radical generation from occurring in the first place. For example, an interac-

tion with catalase or a peroxidase may serve to couple the two step detoxification of

superoxide radicals to water thereby conferring greater tolerance to ROS-generating processes.

Other interactions with chloroplast components not directly involved in ROS detoxification

may serve to localize FSD2 and/or FSD3 to a specific location within the chloroplast that posi-

tions it close to sites of superoxide production such as the thylakoid membrane. This might

promote superoxide scavenging before the radical has a chance to react with and damage

important chloroplast components. It also possible that such positioning close to the thylakoid

membrane is necessary for reducing superoxide production in the first place during photosyn-

thesis. Alternatively, the demonstrated interaction between FSD2 and FSD3 [11] may be neces-

sary for their efficient function in the chloroplast in a manner in which over expression of one

cannot compensate for loss of expression of the other. A recent finding has shown that LOW

SULPHUR UPREGULATED 1 (LSU1) protein physically interacts with FSD2 and activates its

enzymatic activity, although whether FSD3 activity is similarly stimulated could not be

addressed [30]. Activation of FSDs through interaction with specific partners, however, could

be part of the basis of why overexpression of FSD2 or FSD3 cannot complement loss of expres-

sion of the other.
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https://doi.org/10.1371/journal.pone.0220078.g007

FSD2 and FSD3 are functionally distinct during photosynthesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0220078 July 22, 2019 16 / 19

https://doi.org/10.1371/journal.pone.0220078.g007
https://doi.org/10.1371/journal.pone.0220078


Acknowledgments

The author thanks Christian Caldwell for some technical assistance.

Author Contributions

Conceptualization: Daniel R. Gallie.

Data curation: Daniel R. Gallie.

Formal analysis: Daniel R. Gallie.

Funding acquisition: Daniel R. Gallie.

Investigation: Daniel R. Gallie, Zhong Chen.

Methodology: Daniel R. Gallie.

Project administration: Daniel R. Gallie.

Resources: Daniel R. Gallie.

Supervision: Daniel R. Gallie.

0

0.05

0.1

0.15

0.2

0.25

0 100 200 300 400

 Col O

 Nossen

 fsd2-1

 fsd2-1+FSD3OE

 FSD3OE

0

0.5

1

1.5

2

2.5

0 100 200 300 400

  Col O

  Nossen

  fsd2-1

  fsd2-1+FSD3OE

  FSD3OE

Time (sec)

N
PQ

 

A

Time (sec)

Φ
PS

II
 

B

Fig 8. Overexpression of FSD3 partially complements the defects in NPQ andFPSII observed for the fsd2-1 mutant under high light. (A) NPQ and (B) PSII

efficiency (FPSII) were simultaneously measured in dark-adapted adult leaves of Col 0 (open circles), Nossen (open triangles), fsd2-1 (filled triangles), fsd2-1/FSD3OE

(open diamonds), and FSD3OE (open squares) plants grown at 100 PFD to a similar developmental stage and exposed to 400 PFD. Three replicates were assayed for each

line with the average and standard error reported.

https://doi.org/10.1371/journal.pone.0220078.g008

FSD2 and FSD3 are functionally distinct during photosynthesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0220078 July 22, 2019 17 / 19

https://doi.org/10.1371/journal.pone.0220078.g008
https://doi.org/10.1371/journal.pone.0220078


Validation: Daniel R. Gallie.

Writing – original draft: Daniel R. Gallie.

Writing – review & editing: Daniel R. Gallie.

References
1. Alscher RG, Erturk N, Heath LS. Role of superoxide dismutases (SODs) in controlling oxidative stress

in plants. J Exp Bot. 2002; 53:1331–1341. PMID: 11997379

2. Bowler C, van Montagu M, Inze D. Superoxide dismutase and stress tolerance. Ann Rev Plant Physiol

Plant Mol Biol. 1992; 43:83–116.

3. Takahashi MA, Asada K. Superoxide anion permeability of phospholipid membranes and chloroplast

thylakoids. Arch Biochem Biophys. 1983; 226:558–566. https://doi.org/10.1016/0003-9861(83)90325-9

PMID: 6314906

4. Kliebenstein DJ, Monde RA, Last RL. Superoxide dismutase in Arabidopsis: An eclectic enzyme family

with disparate regulation and protein localization. Plant Physiol. 1998; 118:637–650. https://doi.org/10.

1104/pp.118.2.637 PMID: 9765550

5. Peltier JB, Emanuelsson O, Kalume DE, Ytterberg J, Friso G, Rudella A, et al. Central functions of the

luminal and peripheral thylakoid proteome of Arabidopsis determined by experimentation and genome-

wide prediction. Plant Cell 2002; 14:211–236. https://doi.org/10.1105/tpc.010304 PMID: 11826309

6. Ferro M, Salvi D, Brugiere S, Miras S, Kowalski S, Louwagie M, et al. Proteomics of the chloroplast

envelope membranes from Arabidopsis thaliana. Mol Cell Proteomics 2003; 2:325–345. https://doi.org/

10.1074/mcp.M300030-MCP200 PMID: 12766230

7. Kleffmann T, Russenberger D, von Zychlinski A, Christopher W, Sjolander K, Gruissem W, et al. The

Arabidopsis thaliana chloroplast proteome reveals pathway abundance and novel protein functions.

Curr Biol. 2004; 14:354–362. https://doi.org/10.1016/j.cub.2004.02.039 PMID: 15028209

8. Peltier JB, Cai Y, Sun Q, Zabrouskov V, Giacomelli L, Rudella A, et al. The oligomeric stromal proteome

of Arabidopsis thaliana chloroplasts. Mol Cell Proteomics 2006; 5:114–133. https://doi.org/10.1074/

mcp.M500180-MCP200 PMID: 16207701

9. Brugiere S, Kowalski S, Ferro M, Seigneurin-Berny D, Miras S, Salvi D, Ravanel S, et al. The hydropho-

bic proteome of mitochondrial membranes from Arabidopsis cell suspensions. Phytochem. 2004;

65:1693–1707.

10. Marmagne A, Rouet MA, Ferro M, Rolland N, Alcon C, Joyard J, et al. Identification of new intrinsic pro-

teins in Arabidopsis plasma membrane proteome. Mol Cell Proteomics 2004; 3:675–691. https://doi.

org/10.1074/mcp.M400001-MCP200 PMID: 15060130

11. Myouga F, Hosoda C, Umezawa T, Iizumi H, Kuromori T, Motohashi R, et al. A heterocomplex of iron

superoxide dismutases defends chloroplast nucleoids against oxidative stress and is essential for chlo-

roplast development in Arabidopsis. Plant Cell 2008; 20:3148–3162. https://doi.org/10.1105/tpc.108.

061341 PMID: 18996978

12. Herbert SK, Samson G, Fork DC, Laudenbach DE. Characterization of damage to photosystems I and

II in a cyanobacterium lacking detectable iron superoxide dismutase activity. Proc Natl Acad Sci USA.

1992; 89:8716–8720. https://doi.org/10.1073/pnas.89.18.8716 PMID: 1528884

13. Samson G, Herbert SK, Fork DC, Laudenbach DE. Acclimation of the photosynthetic apparatus to

growth irradiance in a mutant strain of Synechococcus lacking iron superoxide dismutase. Plant Phy-

siol. 1994; 105:287–294. https://doi.org/10.1104/pp.105.1.287 PMID: 12232202

14. Thomas DJ, Avenson TJ, Thomas JB, Herbert SK. A cyanobacterium lacking iron superoxide dismut-

ase is sensitized to oxidative stress induced with methyl viologen but is not sensitized to oxidative stress

induced with norflurazon. Plant Physiol. 1998; 116:1593–1602. https://doi.org/10.1104/pp.116.4.1593

PMID: 9536078

15. Rizhsky L, Liang H, Mittler R. The water-water cycle is essential for chloroplast protection in the

absence of stress. J Biol Chem. 2003; 278:38921–38925. https://doi.org/10.1074/jbc.M304987200

PMID: 12885779

16. Pfalz J, Liere K, Kandlbinder A, Dietz KJ, Oelmuller R. pTAC2, -6, and -12 are components of the tran-

scriptionally active plastid chromosome that are required for plastid gene expression. Plant Cell 2006;

18:176–197. https://doi.org/10.1105/tpc.105.036392 PMID: 16326926

17. Pfannschmidt T, Ogrzewalla K, Baginsky S, Sickmann A, Meyer HE, Link G. The multisubunit chloro-

plast RNA polymerase A from mustard (Sinapis alba L.). Integration of a prokaryotic core into a larger

complex with organelle-specific functions. Eur J Biochem. 2000; 267:253–261. https://doi.org/10.1046/

j.1432-1327.2000.00991.x PMID: 10601874

FSD2 and FSD3 are functionally distinct during photosynthesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0220078 July 22, 2019 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/11997379
https://doi.org/10.1016/0003-9861(83)90325-9
http://www.ncbi.nlm.nih.gov/pubmed/6314906
https://doi.org/10.1104/pp.118.2.637
https://doi.org/10.1104/pp.118.2.637
http://www.ncbi.nlm.nih.gov/pubmed/9765550
https://doi.org/10.1105/tpc.010304
http://www.ncbi.nlm.nih.gov/pubmed/11826309
https://doi.org/10.1074/mcp.M300030-MCP200
https://doi.org/10.1074/mcp.M300030-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/12766230
https://doi.org/10.1016/j.cub.2004.02.039
http://www.ncbi.nlm.nih.gov/pubmed/15028209
https://doi.org/10.1074/mcp.M500180-MCP200
https://doi.org/10.1074/mcp.M500180-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16207701
https://doi.org/10.1074/mcp.M400001-MCP200
https://doi.org/10.1074/mcp.M400001-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/15060130
https://doi.org/10.1105/tpc.108.061341
https://doi.org/10.1105/tpc.108.061341
http://www.ncbi.nlm.nih.gov/pubmed/18996978
https://doi.org/10.1073/pnas.89.18.8716
http://www.ncbi.nlm.nih.gov/pubmed/1528884
https://doi.org/10.1104/pp.105.1.287
http://www.ncbi.nlm.nih.gov/pubmed/12232202
https://doi.org/10.1104/pp.116.4.1593
http://www.ncbi.nlm.nih.gov/pubmed/9536078
https://doi.org/10.1074/jbc.M304987200
http://www.ncbi.nlm.nih.gov/pubmed/12885779
https://doi.org/10.1105/tpc.105.036392
http://www.ncbi.nlm.nih.gov/pubmed/16326926
https://doi.org/10.1046/j.1432-1327.2000.00991.x
https://doi.org/10.1046/j.1432-1327.2000.00991.x
http://www.ncbi.nlm.nih.gov/pubmed/10601874
https://doi.org/10.1371/journal.pone.0220078


18. Frahry G, Schopfer P. NADH-stimulated, cyanide-resistant superoxide production in maize coleoptiles

analyzed with a tetrazolium-based assay. Planta 2001; 212:175–183. https://doi.org/10.1007/

s004250000376 PMID: 11216837

19. Sutherland MW, Learmonth BA. The tetrazolium dyes MTS and XTT provide new quantitative assay for

superoxide and superoxide dismutase. Free Rad Res. 1997; 27:283–289.

20. Jeffrey SW, Humphrey GF. New spectrophotometric equations for determining chlorophylls a1, b1, c1

and c2 in higher plants, algae and natural phytoplankton. Biochem Physiol Pflanzen 1975; 167:191–

194.

21. Maxwell K, Johnson GN. Chlorophyll fluorescence—a practical guide. J Exp Bot. 2000; 51:659–668.

https://doi.org/10.1093/jxb/51.345.659 PMID: 10938857

22. Walters RG, Horton P. Resolution of non photochemical chlorophyll fluorescence quenching in barley

leaves. Photosynthesis Res. 1991; 27:121–133.

23. Nilkens M, Kress E, Lambrev P, Miloslavina Y, Müller M, Holzwarth AR, et al. Identification of a slowly

inducible zeaxanthin-dependent component of non-photochemical quenching of chlorophyll fluores-

cence generated under steady-state conditions in Arabidopsis. Biochim Biophys Acta 2010; 1797:466–

475. https://doi.org/10.1016/j.bbabio.2010.01.001 PMID: 20067757

24. Kyle DJ, Ohad I, Arntzen CJ. Membrane protein damage and repair: Selective loss of a quinone-protein

function in chloroplast membranes. Proc Natl Acad Sci USA. 1984; 81:4070–4074. https://doi.org/10.

1073/pnas.81.13.4070 PMID: 16593483

25. Prasil O, Adir N, Ohad I. Dynamics of photosystem II: mechanism of photoinhibition and recovery pro-

cesses. In: Barber J. ed. In: Topics in Photosynthesis. Vol. 11. Amsterdam: Elsevier. 1992;295–348.

26. Aro E-M, Virgin I, Andersson B. Photoinhibition of photosystem II. Inactivation, protein damage and

turnover. Biochim Biophys Acta 1993; 1143:113–134. https://doi.org/10.1016/0005-2728(93)90134-2

PMID: 8318516

27. Van Wijk KJ, Andersson B, Aro E-M. Kinetic resolution of the incorporation of the D1 protein into photo-

system II and localization of assembly intermediates in thylakoid membranes of spinach chloroplasts. J

Biol Chem. 1996; 271:9627–9636. https://doi.org/10.1074/jbc.271.16.9627 PMID: 8621638

28. Melis A. Photosystem-II damage and repair cycle in chloroplasts: what modulates the rate of photodam-

age? Trends Plant Sci. 1999; 4:130–135. PMID: 10322546

29. Takahashi S, Milward SE, Fan DY, Chow WS, Badger MR. How does cyclic electron flow alleviate

photoinhibition in Arabidopsis? Plant Physiol. 2009; 149:1560–1567. https://doi.org/10.1104/pp.108.

134122 PMID: 19118124

30. Garcia-Molina A, Altmann M, Alkofer A, Epple PM, Dangl JL, Falter-Braun P. LSU network hubs inte-

grate abiotic and biotic stress responses via interaction with the superoxide dismutase FSD2. J Exp

Bot. 2017; 68:1185–1197. https://doi.org/10.1093/jxb/erw498 PMID: 28207043

FSD2 and FSD3 are functionally distinct during photosynthesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0220078 July 22, 2019 19 / 19

https://doi.org/10.1007/s004250000376
https://doi.org/10.1007/s004250000376
http://www.ncbi.nlm.nih.gov/pubmed/11216837
https://doi.org/10.1093/jxb/51.345.659
http://www.ncbi.nlm.nih.gov/pubmed/10938857
https://doi.org/10.1016/j.bbabio.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20067757
https://doi.org/10.1073/pnas.81.13.4070
https://doi.org/10.1073/pnas.81.13.4070
http://www.ncbi.nlm.nih.gov/pubmed/16593483
https://doi.org/10.1016/0005-2728(93)90134-2
http://www.ncbi.nlm.nih.gov/pubmed/8318516
https://doi.org/10.1074/jbc.271.16.9627
http://www.ncbi.nlm.nih.gov/pubmed/8621638
http://www.ncbi.nlm.nih.gov/pubmed/10322546
https://doi.org/10.1104/pp.108.134122
https://doi.org/10.1104/pp.108.134122
http://www.ncbi.nlm.nih.gov/pubmed/19118124
https://doi.org/10.1093/jxb/erw498
http://www.ncbi.nlm.nih.gov/pubmed/28207043
https://doi.org/10.1371/journal.pone.0220078

