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SUMMARY

Thioredoxins (TRXs) are well-known redox signalling players, which carry out post-translational modifica-

tions in target proteins. Chloroplast TRXs are divided into different types and have central roles in light

energy uptake and the regulation of primary metabolism. The isoforms TRX m1, m2, and m4 from Arabidop-

sis thaliana are considered functionally related. Knowing their key position in the hub of plant metabolism,

we hypothesized that the impairment of the TRX m signalling would not only have harmful consequences

on chloroplast metabolism but also at different levels of plant development. To uncover the physiological

and developmental processes that depend on TRX m signalling, we carried out a comprehensive study of

Arabidopsis single, double, and triple mutants defective in the TRX m1, m2, and m4 proteins. As light and

redox signalling are closely linked, we investigated the response to high light (HL) of the plants that are

gradually compromised in TRX m signalling. We provide experimental evidence relating the lack of TRX m

and the appearance of novel phenotypic features concerning mesophyll structure, stomata biogenesis, and

stomatal conductance. We also report new data indicating that the isoforms of TRX m fine-tune the

response to HL, including the accumulation of the protective pigment anthocyanin. These results reveal

novel signalling functions for the TRX m and underline their importance for plant growth and fulfilment of

the acclimation/response to HL conditions.

Keywords: thioredoxins, Arabidopsis thaliana, chloroplast, light acclimation, redox regulation, chlorophyll

fluorescence, anthocyanins.

INTRODUCTION

Thioredoxins (TRXs) are redox-signalling proteins present in

almost all living organisms. These small proteins (12–14 kDa)

share a very conserved tertiary structure and have an active

site containing two reactive cysteines (CxxC). Their biological

function mostly consists of reducing target proteins, thus act-

ing as molecular redox switchers by transferring electrons to

a pair of disulphide-bonded cysteines. Two main features

determine their target specificity: redox potential and electro-

static surface potential (Collin et al., 2003).

Plant TRXs are distributed throughout different orga-

nelles such as nuclei, mitochondria, and chloroplasts

(Meyer et al., 2009). Chloroplast TRXs are nucleus-encoded

proteins that receive electrons from the ferredoxin thiore-

doxin reductase, which is in turn reduced by the

ferredoxin, the last electron acceptor of the photosynthetic

electron transport chain (PETC; Schürmann and Buchanan,

2008). There are several types of TRXs within the chloro-

plast. The m-type TRX was originally described as an acti-

vator of the enzyme NADP-malate dehydrogenase.

Furthermore, chloroplasts contain other TRXs with an

eukaryotic origin, such as types x, y, and z, although the

best known is the f-type TRX, which regulates the Calvin–
Benson cycle enzymes (Kang et al., 2019; Lemaire et al.,

2007; Naranjo et al., 2016; Serrato et al., 2013).

The model plant Arabidopsis thaliana contains four iso-

forms of TRX m, namely TRX m1, m2, m3, and m4. While

it has been reported that the TRX m3 has a separated func-

tion (Benitez-Alfonso et al., 2009), the other TRX m regu-

late photosynthesis-related processes in chloroplasts

where they are the most abundant TRX isoforms (Nikkanen
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and Rintamäki, 2019; Nikkanen et al., 2016; Okegawa and

Motohashi, 2015; Wang et al., 2013). In rice and Arabidop-

sis, a decrease in the TRX m content leads to an impair-

ment of plant growth, chloroplast development, and

photosynthesis performance (Chi et al., 2008; Okegawa

and Motohashi, 2015). TRX m can transfer reducing power

to the TRX-like protein HCF164, in the thylakoid lumen, via

the thylakoid membrane protein CCDA (Kang and Wang,

2016; Karamoko et al., 2011; Motohashi and Hisabori, 2006,

2010). In addition to HCF164, it has been proposed that

another lumen TRX-like protein, Suppressor Of Quenching

1 (SOQ1), is another CCDA target (Brooks et al., 2013).

More than 40% of the lumen proteins can form disulphide

bonds, highlighting the importance of redox regulation in

this subcellular compartment (Kang and Wang, 2016). For

instance, the enzyme violaxanthin de-epoxidase (VDE), a

player in the activation of non-photochemical quenching

(NPQ) in response to a high light (HL) stress, is redox regu-

lated (Hallin et al., 2015; Simionato et al., 2015). On the

other hand, the presence of TRX m in non-photosynthetic

organs, such as roots and flowers, points to the regulation

of other plant processes in addition to photosynthesis

(Barajas-López et al., 2007). It is probable that these pro-

teins might concertedly regulate a significant number of

physiological processes. Nevertheless, a specific function

has been reported for TRX m4 in the regulation of the

NADPH dehydrogenase (NDH) complex (Courteille et al.,

2013) and the dually localized TRX m2 has been proposed

to regulate the voltage-dependent anion channel 3 (AtV-

DAC3) protein in mitochondria (Zhang et al., 2015). It

seems evident that evolutionary pressure has favoured the

emergence and preservation of several TRX m isoforms in

plants.

Plants are continuously sensing light intensity and qual-

ity to adjust their own growth and development. In photo-

synthetic tissues, the light-dependent retrograde signalling

relies on redox players acting at the level of the PETC (Gol-

lan et al., 2015). Key components of the redox-signalling

pathways are the members of the chloroplast TRX family

(Gütle et al., 2017; Serrato et al., 2013). TRX m plays a sig-

nificant role in maintaining a proper PETC, participating in

the assembly and protection of photosynthesis complexes

(Courteille et al., 2013; Kang and Wang, 2016; Wang et al.,

2013). Some authors have also addressed the role of the

TRX m1 and m2 in photosynthesis regulation in fluctuating

light (Thormählen et al., 2017). Including TRX m4 in further

studies would lead to a more comprehensive knowledge of

this issue.

The chloroplast redox state is vital for plant physiology

and development, but knowledge on this issue is still very

limited. As the TRX m are major redox players in the

chloroplast, we wanted to gain more insight into their role

in the regulation of chloroplast processes as well as their

involvement in the control of extra-chloroplast processes

through retrograde signalling. As redox regulation in the

chloroplast is intimately bound to light, we designed and

implemented a set of light-dependent experimental

approaches to obtain multilevel information based on the

characterization of Arabidopsis mutant lines grown under

optimal (normal redox pressure) or HL (high redox pres-

sure) conditions. In this research context, and in addition

to carrying out a physiological and phenotypic characteri-

zation in standard growth conditions, our work has also

been focused on analysing (i) long-term HL acclimation,

and (ii) short-term responses to HL treatments in TRX m-

deficient lines. We report novel and comprehensive infor-

mation and discuss the importance and isoform specifici-

ties of the redox regulation mediated by TRX m for leaf

architecture, gas exchange, activation of energy dissipation

mechanisms, and anthocyanin accumulation in response

to HL.

RESULTS

Mutations of Arabidopsis TRX m1, m2, and m4 impair the

rosette growth, particularly under HL conditions

Taking advantage of the specific antibodies that we

obtained, we determined the TRX m level in the different

trxm genetic backgrounds (Figure S1). Compared with

wild-type (WT) plants, the single trxm mutants showed

either a non-detectable signal (trxm1 and trxm4) or very

reduced levels (trxm2) of the affected TRX m isoform, as

we similarly reported at a transcript level in a previous arti-

cle (Fernández-Trijueque et al., 2019). As previously stated

by other authors (Wang et al., 2013), the content of TRX

m2 in the double and triple mutants turned out to be

higher than in the single mutant (Figure S1), probably to

compensate the redox deficiencies provoked by the lack of

the other isoforms. On the other hand, TRX m4 was not

detected in the lines containing the trxm4 allele and the

isoform TRX m1 showed very faint signals in the lines

trxm1m4 and trxm1m2m4. With these results, we con-

firmed that all the trxm lines that we isolated and analysed

in this study were defective in the redox signalling medi-

ated by TRX m.

We next compared the growth rate of the trxm mutants

under two light conditions: an optimal growth light (GL)

intensity (120 μmol photons m−2 sec−1) and a challenging

HL treatment (700 μmol photons m−2 sec−1). Rosettes were

sampled and quantified every 5 days throughout the vege-

tative growth of the Arabidopsis plants (Figure 1). At first

glance, some lines displayed a developmental delay in

both light conditions, particularly the Arabidopsis lines

trxm1m4, trxm2m4, and trxm1m2m4 (Figure 1a). Confirm-

ing our de visu observations (Figure 1b), adult plants of

the mutants trxm1m4, trxm2m4, and trxm1m2m4 pro-

duced less biomass than the WT line in the GL condition

(38%, 15%, and 42%, respectively). Interestingly, the
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mutant line trxm1 and, to a lesser extent, the line trxm1m2,

weighted more than the WT line at the end of the vegeta-

tive growth when cultivated in GL.

Regarding the HL treatment, excepting the lines trxm1

and trxm1m2, the mutant lines produced less biomass

than the WT plants (Figure 1b). This was particularly

marked in the triple mutant. Despite mutant growth being

compromised by HL, we did not observe any upregulation

of the TRX m in response to HL (Figure S2).

Unexpectedly, the differences observed with the area

were not as evident as with the weight quantifications, as

the rosette areas of the mutant lines trxm1m4 and

trxm1m2m4 were more similar to the control line (Fig-

ure 1c). To uncover putative alterations in the leaf mass

per area (LMA), we represented the rosette area versus the

fresh weight (Figure 1d). The plotted scattered points fitted

well to straight lines (R2 ≥ 0.99), as previously reported by

other authors (Massonnet et al., 2010). The LMA values

were lower in the double mutants, trxm1m4 and trxm2m4,

and in the triple mutant than in the WT line in GL. The dif-

ferences in LMA increased even more with the HL treat-

ment, observing higher differences between the WT line

Figure 1. Phenotypic characterization of wild-type (Col0) and trxm lines.

(a) Fifteen-day-old plants cultivated in normal growth light (GL) conditions or in high light (HL) conditions.

(b) Growth curves representing the rosette fresh weight.

(c) Growth curves representing the projected rosette area.

(d) Relationship between the area and the fresh weight of WT and trxm lines. Regression lines for the weight (w) and the area (a) are shown in the upper left cor-

ner of the graphs. Calculated regression coefficients represent the leaf mass per area. Coefficients of determination (R2) were ≥0.99. Plants were sampled every

5 days from the 5th to the 30th day after germination (DAG) for GL or until the 20th DAG for HL. Values are mean � standard error of five independent plant

samples.
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and the double mutants than with the single ones (Fig-

ure 1d). To sum up, (i) mutant alleles triggered physical

changes in the leaf structure, and (ii) Arabidopsis develop-

ment was particularly impaired in the trxm mutants in HL,

being more evident when the isoform TRX m4 was lack-

ing.

Remodelling of the mesophyll structure in trxm mutants

Arabidopsis lines grown in GL showed thinner leaves than

those cultivated in HL (Figure 2) (Hoshino et al., 2019).

Cross-sectional areas of the leaves with a light microscope

showed evident differences (Figure 2). The mutant line

trxm2 apparently had small palisade-mesophyll cells, while

the trxm1m4 mutant displayed a larger size compared with

the WT line grown in GL conditions. To carry out a statisti-

cal analysis, we quantified and compared the area of the

cross-sectioned cells as an indicative parameter for cell

size (Figure 2). Quantifications revealed that the GL-grown

mesophyll cells of the single mutants trxm2 and trxm4 and

the double mutant trxm1m2 were smaller than those of the

WT line were. On the contrary, the mesophyll of the double

mutant trxm1m4 displayed a bigger cell cross-sectional

surface compared with the WT line. Remarkably, in con-

trast to the GL condition, the mesophyll-cell area of the

single mutant trxm4 increased with respect to the WT line

in the HL condition. Lines trxm1 and trxm2m4 also showed

bigger mesophyll cells than the control line in HL. The

most contrasting observation occurred with the trxm1m4

mutant, which showed the greatest cell size in GL, but the

lowest one in HL. To uncover a putative interconnection

between light and TRX m signalling and its effect on the

leaf structure, we calculated the difference in size of meso-

phyll cells in both light conditions (ΔArea; Figure 2). Under

our experimental conditions, both WT palisade and spongy

cells were smaller in HL than in GL conditions. This light

response indicated that, together with an increase in the

mesophyll thickness (Figure 2), a moderate reduction in

the cell size was occurring in response to a high irradiance

as part of the plant acclimation process. Nonetheless, trxm

single mutants behaved in the opposite way and increased

their cell size when plants were cultivated in HL. These

alterations suggested the existence of light-dependent

components that might be interacting with the redox sig-

nalling mediated by TRX m1, m2, and m4. In contrast, the

double mutant trxm1m4 displayed an evident cell-size

reduction, while the mutants trxm1m2 and trxm2m4 did

not follow this same pattern as they showed a quite similar

cell size in both light conditions (Figure 2).

Figure 2. Light microscopy images of cross-sections of wild type (Col-0) and trxm mutant leaves.

Samples were taken from comparable zones of fully expanded leaves. Arabidopsis plants were grown for 21 days either at optimal growth light (GL) or in high

light (HL) conditions. Semithin cross-sections of leaves were stained with toluidine blue (which stains proteins). Cell areas (samples size ranging from 37 to 197

for line and light condition) were quantified with ImageJ 2.0.0. Values are presented as means � standard deviation. Differences with wild type were analysed

using Tukey’s test. Asterisks indicate that the compared mean values were statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).
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Low levels of TRX m imbalance the photosynthetic gas

exchange in Arabidopsis

The CO2 assimilation rate of Arabidopsis plants grown in

HL conditions was higher than in those cultivated in GL

(Figure 3a), with fold increases ranging from 2.8 to 4.4 (li-

nes trxm1m2 and trm1m4, respectively) (Table S2). More-

over, we did not observe any statistically significant

differences between the photosynthetic parameters of the

mutant lines versus the WT line related to the CO2 assimi-

lation rate (Table S2). Although statistically not significant,

the maximum net photosynthetic rate (Amax) at GL was

slightly higher in the trxm2 mutant (approximately 17%

higher) and, on the contrary, it was lower in the trxm1m4

mutant (approximately 28% lower). We want to notice that

the difference of Amax between those mutants was statisti-

cally significant (P < 0.02).

In GL conditions, the triple mutant displayed the highest

stomatal conductance (gs) (Figure 3b). The lines WT,

trxm1, and trxm2 showed a distinctive curve profile con-

sisting of a dramatic transpiration decay spanning from 0

to 250 μmol photons m−2 sec−1 of light intensity, followed

by a steady linear increase. This gs profile was different in

the other lines analysed, as the initial drop was not

observed. The leaf intercellular CO2 concentration was

above 300 ppm in all lines (Figure 3c) and suggested that

gs was not responsible for the lower Amax showed by some

mutants.

Apart from mutants, trxm1m4, trxm2m4, and

trxm1m2m4, grown at HL (dashed circle), intrinsic water-

use efficiency (iWUE) and LMA seemed to be positively

correlated (Figure 4a). As the stomata are key structures

controlling leaf gas exchange, we wondered whether there

were alterations in the stomata of the mutant lines exhibit-

ing the lowest iWUE (bold names in Figure 4a). For this

purpose, we compared the stomatal pattern of the

trxm1m4 and triple mutants with that of the WT line grown

in GL (Figure 4). Both the epidermal cells and the stomata

showed a normal morphology (Figure 4b); nevertheless,

contrary to the WT leaves, which displayed a lower

stomata number on the adaxial side (approximately

225 stomata/mm2) than on the abaxial side (approximately

320 stomata/mm2), the two mutants analysed had a similar

stomata number on both sides (190–200 stomata/mm2, Fig-

ure 4c). The low stomata number in the mutants trxm1m4

and trxm1m2m4 contrasted with the WT-like stomatal con-

ductance measured with infrared gas analyser (Figure 4c).

With respect to the stomata length, while the stomata of

the adaxial side were slightly smaller (approximately 10%),

the abaxial side presented slightly bigger stomata (approx-

imately 10%) than the control line (Figure 4d). As far as the

aperture was concerned, the mutant lines showed slightly

more closed stomata than those of the WT line (Figure 4e).

These results did not explain the low iWUE observed in

these mutants cultivated at GL; however, they pointed to

an unreported role of the redox signalling mediated by

TRX m in the stomata differentiation.

Apart from analysing the photosynthetic CO2 assimila-

tion capacity (photochemical quenching), we also investi-

gated how efficiently photosynthesis was carried out in the

trxm mutants. For this purpose, we determined the maxi-

mum quantum yields of photosystem (PS)II (Fv/Fm) by

chlorophyll fluorescence measurements. Fv/Fm was statisti-

cally significant lower in the double mutant trxm1m4 and

the triple mutant with respect to the WT line in both light

Figure 3. Infrared gas analyser measurements in wild-type (Col0) and trxm

mutants.

(a) Light–response curves for the rate of photosynthetic CO2 assimilation

(A); (b) stomatal conductance (gs); and (c) intercellular CO2 concentration

(Ci). Arabidopsis plants were grown for 4 weeks at optimal growth light

(GL) or for 3 weeks in high light (HL) conditions. Ambient CO2 concentration

(Ca) was adjusted to 396.4 � 0.3 μmol CO2 mol−1 (dashed lines). Values are

mean � standard error of three independent plants.
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conditions (Table 1). These results suggest the occurrence

of underlying light–energy imbalances and prompted us to

gain more insight into how efficiently trxm-mutant plants

were managing light energy uptake and dissipation under

a HL situation.

Energy dissipation mechanisms or changes in the redox

poise of PSII in response to HL are differentially regulated

by the TRX m isoforms

To know how TRXs m were regulating the plant response

to HL, Arabidopsis double and triple mutants were grown

in GL for 3 weeks and then subjected to a 2-day HL treat-

ment (500 μmol photons m−2 sec−1). By using an Imaging-

PAM fluorometer, we analysed the chlorophyll fluores-

cence to find out the PSII performance (Figures 5 and 6).

As we had previously observed (Table 1), in dark-adapted

plants the maximum quantum yields of PSII (Fv/Fm) were

lower in the lines trxm1m4 and trxm1m2m4 than in the

WT plants under non-stress conditions (Figure 5). How-

ever, after the HL treatment, the Fv/Fm ratios were signifi-

cantly lower in the mutants trxm1m4, trxm2m4, and

trxm1m2m4 than in the WT or trxm1m2 lines (Figure 5).

According to these data, the maximum efficiency of PSII

was primarily dependent on the regulation exerted by the

TRX m4 isoform and, to a lesser extent, by the TRX m1 or

m2 isoforms.

We next analysed the chlorophyll fluorescence of light-

adapted plants subjected to a HL treatment (Figure 6). To

allow a more precise analysis, we calculated the distances

between the light–response curves (“dm” values in Fig-

ure 6). Regarding the PSII quantum yield [Y(II)] and the

NPQ, apart from the triple mutant, the double mutants

trxm1m4 and trxm2m4 showed the highest differences

with respect to the WT line (Figure 6a,b). The fraction of

closed reaction centres in PSII (1 − qL) in the mutant

trxm1m2 showed values similar to that of WT, while the

rest of the lines were not as efficient in the QA reduction,

particularly the triple mutant (Figure 6c).

Conversely to the GL condition, the Arabidopsis mutants

showed a significant decrease in Y(II) in parallel with an

increase in NPQ after 2 days of HL treatment. The Y(II) and

NPQ curve profiles were noticeably different to those of

Figure 4. Stomatal characterization in wild-type (Col0), trxm1m4, and trxm1m2m4 plants grown in normal light conditions.

(a) Correlation between leaf mass per area (LMA) and intrinsic water-use efficiency (iWUE).

(b) Representative scanning electron microscope images of adaxial (a–c) and abaxial (d–f) epidermis of wild-type (a,b), trxm1m4 (b,e), and trxm1m2m4 (c,f)

plants.

(c) Stomatal density of the adaxial and abaxial leaf epidermis.

(d) Stomata length of the adaxial and abaxial leaf epidermis.

(e) Stomatal aperture calculated as the width/length ratio. Values shown for iWUE correspond to 120 μmol photons m−2 sec−1 PAR (GL) and to 700 μmol pho-

tons m−2 sec−1 PAR (HL). Regression line for LMA and iWUE, together with the coefficient of determination (R2), are shown in the graph. Stomata width and

length were measured with ImageJ 2.0.0. Represented values are mean � standard deviation. *P < 0.05, ***P < 0.01 as analysed by one-way analysis of vari-

ance followed by a Tukey’s post hoc test. n = 50 per genotype.
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the WT and trxm2m4 lines (Figure 6a,b). These differences

were even higher after a 24-h recovery period in GL, when

the HL stimulus was no longer present. According to our

results, TRX m1 was more important than TRX m2 or m4

in maintaining the Y(II) performance, as the redox activity

in the mutant line trxm2m4 displayed a WT-like NPQ in

response to HL (Figure 6b). Remarkably, these differences

were restricted to light intensities below 600 μmol pho-

tons m−2 sec−1. On the other hand, the mutants trxm1m4,

trxm2m4, and trxm1m2m4 suffered a drop in 1 − qL, par-

ticularly dramatic in the triple mutant, suggesting a prob-

lem in the reduction of QA that might affect the redox state

of the plastoquinone pool. Contrary to the Y(II) and NPQ

parameters, it seems that the TRX m4 isoform is more

important than the other isoforms to reach a proper QA

reduction in the plant response to HL. Conversely, after a

recovery time of 24 h in GL, the mutant lines bearing the

trxm2 mutant allele (trxm1m2, trxm2m4, and trxm1m2m4)

exhibited higher differences with respect to the WT line

than the mutant trxm1m4, bearing the WT allele TRXm2

(Figure 6c). The recovery pattern of the mutant lines indi-

cated that TRX m2 is somehow involved in the Arabidopsis

acclimation back to lower light conditions.

Finally, 1 week after the HL treatment, all the parameters

analysed recovered the initial control values (Figure 6). In

conclusion, our experimental data indicated that Y(II) and

NPQ, on the one hand, were mainly regulated by the TRX

m1 isoform, while the maximum quantum yield of PSII

and the reduction of QA were mostly regulated by the TRX

m4 isoform. The role of the TRX m2 was not as evident as

for the other two isoforms. However, we cannot rule out

its involvement in the response to HL. The absence of a

clear phenotype in the single trxm mutants (Figure S3)

strongly suggests that, with respect to the issues that we

were studying, one of the TRX m isoforms may play a

leading role in the regulation of the photosynthesis-related

processes while the other two isoforms could provide a

less efficient redox assistance.

After observing the unusually increased NPQ in the HL-

treated mutants, we realized that this energy release might

be related to a parallel increase in leaf temperature. There-

fore, we decided to examine the leaf temperatures of the

Arabidopsis lines grown in GL and HL of the photosynthesis

analyses previously described in Figure 3. In GL grown

plants, leaf temperatures (measured with the infrared gas

analyser temperature sensor) adjusted well to a linear

model (R2 > 0.95) with a positive slope (Figure 7). On the

contrary, in the HL grown plants, not all the lines adjusted

well to a linear model and only the WT line and the single

mutants trxm1 and trxm2 displayed a high regression coef-

ficient (R2 > 0.95). Among the single mutants, only trxm4

showed a distinctive temperature profile. The double-

mutant curves did not adjust well to a linear model, particu-

larly the trxm1m4, trxm2m4, and trxm1m2m4 lines, with R2

values of 0.736, 0.845, and 0.725, respectively. Another fea-

ture related to the single mutant trxm4 and double trxm

mutants was the lower leaf thermal amplitude along the

light curve (37% lower in the triple mutant with respect to

the control line). These lines displayed a typical temperature

sub-peak at about 250 μmol photons m−2 sec−1, which coin-

cided with the one observed in the NPQ curves (Figure 6b).

Anthocyanin accumulation in response to a HL treatment

is impaired in the trxm1m4 and trxm1m2m4 mutant lines

It is known that the chloroplast redox status plays a central

role in the regulation of nuclear genes in response to envi-

ronmental cues (Pfannschmidt et al., 2009). Anthocyanin is

accumulated in leaves in response to HL as part of the

plant protection mechanisms. To know whether TRX m

redox signalling is involved in this physiological process,

we analysed the anthocyanin content in the GL-grown trxm

mutants after a 4-day HL treatment (Figure 8). The

trxm1m4 and trxm1m2m4 mutants only accumulated half

the content of the rest of lines (Figure 8a). When the trxf1f2

mutant line was also submitted to the same experimental

conditions, we observed a normal anthocyanin accumula-

tion (Figure 8b), suggesting that the pigment accumulation

was exclusively dependent on the signalling mediated by

the TRX m1 and m4.

Jasmonic acid (JA) is a key player triggering antho-

cyanin accumulation in response to an abiotic stress such

as HL (Balfagón et al., 2019; Shan et al., 2009). As the first

step of the JA biosynthetic pathway takes place in the

chloroplast, we explored the possibility of JA impairment

in the affected mutant lines. To rule out any blockage or

downregulation of the JA accumulation in the trxm1m4 or

the triple mutants, we supplied exogenous JA with the aim

of recovering a WT-like anthocyanin accumulation in the

mutant plants submitted to HL treatment (Figure 8c).

Table 1 Photosystem II efficiency of the wild-type (Col0) and trxm
mutant lines grown at GL and HL

Line Fv/Fm GL Fv/Fm HL

Col-0 0.830 � 0.002 0.822 � 0.007
trxm1 0.830 � 0.005 0.827 � 0.005
trxm2 0.833 � 0.002 0.826 � 0.003
trxm4 0.826 � 0.003 0.822 � 0.009
trxm1m2 0.829 � 0.002 0.826 � 0.009
trxm1m4 0.811 � 0.008* 0.752 � 0.029*
trxm2m4 0.827 � 0.003 0.811 � 0.012
trxm1m2m4 0.804 � 0.009* 0.732 � 0.009*

Measurements were performed as described in the “Experimental
procedures” section. Values are means � standard deviation of
five independent plant samples. Differences with wild type were
analysed using Tukey’s test. Twenty-one-day-old plants cultivated
in normal GL or in HL conditions.
GL, growth light; HL, high light.
*Compared mean values were statistically significant (P < 0.001).

© 2021 The Authors.
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Although the mutant lines did not reach a WT anthocyanin

content, the three Arabidopsis lines did respond to the

treatment as they accumulated twice the pigment content

of the non-treated plants. Furthermore, we confirmed that

JA signalling was not affected either as we quantified simi-

lar anthocyanin contents when the JA treatments were car-

ried out in GL (Figure 8d). An HL-dependent factor other

than JA, and related to TRX m, was involved in the antho-

cyanin accumulation in light-stressed plants. Conversely,

compared with what we had observed so far with other

phenotypic traits, the mutant allele trxm2 did not have any

noticeable influence on the anthocyanin accumulation,

which turned out to be TRX m1 and m4 dependent.

To know whether anthocyanin gene regulation was

altered, we further examined transcript accumulation in

the triple trxm mutant in response to HL (Figure 9). To this

end, we analysed the mRNA levels of the biosynthesis

genes ANS, CHS, and DFR (Figure 9a), the positive regula-

tors PAP1 and TT8 (Figure 9b) and the negative regulators

ANAC032, MYBL2, and TCP15 (Figure 9c). Besides MYBL2,

all the transcripts under study were more abundant in the

triple trxm mutant than in the WT line. Differences were

statistically significant with ANS, DFR, ANAC032, and

TCP15. Interestingly, despite accumulating less antho-

cyanin, the biosynthesis genes that we studied were

induced more in the triple trxm mutant.

DISCUSSION

Leaf architecture depends on TRX m signalling

Low TRX m levels in Arabidopsis mutants cause plant

growth defects (Da et al., 2018; Okegawa and Motohashi,

2015). The growth assays we carried out corroborated

these previous results (Figure 1). Nevertheless, beyond a

lower plant growth rate, we also observed that the LMA

was different in some trxm lines, particularly in the HL-

cultivated plants (Figure 1). It seems that TRX m4 was the

most important isoform controlling the LMA as the combi-

nation of the allele trxm4 and any of the other mutant alle-

les led to a decrease in LMA, which was not observed in

the trxm1m2 mutant. It is worth mentioning that TRX m4

has been the only chloroplast TRX proposed to regulate

the cyclic electron flow (CEF) (Courteille et al., 2013). CEF

activation might affect the NADPH/ATP ratio and, conse-

quently, the chloroplast metabolism and plant growth.

Nevertheless, although CO2 assimilation does not seem to

be impaired (Figure 3a), other key metabolic pathways

related to the leaf structure/development might be

affected. LMA can be influenced by factors such as leaf

thickness, mesophyll layer thickness, mesophyll cell-wall

thickness, and intercellular airspace (Ren et al., 2019). How-

ever, the complex mesophyll cell-size pattern in the trxm

mutants (Figure 2) suggests the existence of a complex

and dynamic signalling network where TRX m might be

important redox nodes.

Imbalance in the assimilated CO2 per H2O transpired in the

trxm mutants

Photosynthesis did not seem to be significantly affected in

the trxm mutants compared with the WT line (Figure 3a;

Table S2). Interestingly, the triple mutant trxm1m2m4

showed an Amax that was in between the values of the

trxm1m4 and trxm2 lines. Regarding these results, it would

be tempting to think that TRX m1 and m4 are boosting

photosynthesis in GL conditions, while TRX m2 is acting in

an opposite manner. In contrast, these differences were

not observed in HL. Unlike photosynthesis, stomatal

Figure 5. Photosystem II performance (Fv/Fm) in wild-type (Col0) and trxm

double and triple mutants.

Arabidopsis lines cultivated in normal light conditions [growth light (GL)]

were subjected to a 2-day high light (HL) treatment and left to recover 1 day

(1-day RV) at GL. Represented values are mean � standard error. Different

letters mean statistically significant differences according to a one-way anal-

ysis of variance followed by a Tukey’s post hoc test. Four biological repli-

cates were performed. RV, recovery.
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conductance (gs) turned out to be affected (Figure 3b). In

consequence, these mutants present evident differences in

iWUE, which is in correlation to LMA (Figure 4a). We have

ruled out the possibility that the lower iWUE at GL was

due to a higher stomata number, size, or aperture (Fig-

ure 4). On the contrary, the mutant lines were apparently

counterbalancing an excessive water loss through their

stomata by reducing the stomata number because of a

redox imbalance. Another possibility is that a retrograde

signalling via TRX m regulates leaf traits such as the meso-

phyll structure or the stomata biogenesis. The question

arises as to whether the elucidation of the regulation

mechanisms might become a useful biotechnological tool

for improving drought tolerance in plants.

Energy dissipation is enhanced in TRX m-deficient plants

The increase in light intensity provoked a lineal increase in

the leaf temperature in the WT line (Figure 7). The temper-

ature curves were very similar to the NPQ curves obtained

with the double and triple mutants subjected to an HL

treatment (Figure 6). As occurred for the temperature peak,

an NPQ peak with a photosynthetic active radiation (PAR)

of 250 μmol photons m−2 sec−1 was also detected. As we

could observe similar curve profiles by using different

experimental approaches, this reinforces the idea that TRX

m regulation is behind this energy-dissipation issue. Thus,

it seems logical to think that the energy dissipation via

NPQ and the temperature increases are linked. The ques-

tion is whether these mutant plants need to dissipate more

excess energy than WT plants when they are illuminated

with light intensities below 600 μmol photons m−2 sec−1

and, conversely, behave as WT plants at higher light inten-

sities. In plants, the energy-dependent quenching (qE) is

the major and most rapid component of the NPQ (Müller

et al., 2001). The regulation of qE involves several factors,

such as a pH gradient across the thylakoid membrane

(ΔpH) and the xanthophyll cycle. The thylakoid membrane

complexes NDH (NDH complex) and PGR5 (proton gradient

regulation complex) are involved in the ΔpH formation in

the CEF (Laughlin et al., 2019; Munekage et al., 2002, 2004;

Figure 6. Light–response curves of photosystem II quantum yield [Y(II)], non-photochemical quenching (NPQ), and open reaction centres in photosystem II

(1 − qL) in wild-type (WT, Col-0) and double and triple trxm mutants.

Plants were grown in optimal growth light (GL) and then subjected to a 2-day high light (2-d HL) treatment. Plants were then taken back to GL conditions to

allow stress recovery and the chlorophyll fluorescence was measured 1 day (1-d RV) and 1 week after (7-d RV). Rectilinear distance between the curves are

shown as “dm” (see “Experimental Procedures” section). Data are presented as mean � standard error. Four biological replicates were performed. PAR, photo-

synthetic active radiation; RV, recovery.

Figure 7. Light–response curve of the leaf temperature in wild-type (Col0)

and trxm mutants.

Arabidopsis plants were grown for 4 weeks at optimal growth light (GL) or

for 3 weeks in high light (HL) conditions. Temperatures were measured with

an infrared gas analyser. Coefficients of determination (R2) for the regres-

sion lines are shown. Values are mean � standard error of three indepen-

dent plants. PAR, photosynthetic active radiation; Tair, air temperature in the

measurement chamber; Tleaf, temperature of the leaf.

© 2021 The Authors.
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Peng et al., 2009; Yamori and Shikanai, 2016). Courteille

et al. (2013) reported that TRX m4 regulates both NDH- and

PGR5-dependent CEF. However, the impairment suffered

by PSII after an HL treatment seems to be independent

from the regulation of CEF as all the TRX m isoforms were

involved (though not equally), and not only TRX m4.

The pigment zeaxanthin is another key component of

NPQ in plants. The lumen enzyme VDE catalyses the

conversion of violaxanthin to zeaxanthin and its activity

is inhibited when it is reduced (Hallin et al., 2015;

Simionato et al., 2015). TRX m have been proposed to

deliver electrons into the thylakoid lumen through CCDA

and HCF164 (Motohashi and Hisabori, 2006, 2010) and,

hence, indirectly may regulate enzymes such as VDE.

Another TRX-regulated enzyme of the xanthophyll cycle

is zeaxanthin epoxidase (ZE), which catalyses the con-

version of zeaxanthin and antheraxanthin to regenerate

violaxanthin. It has been reported that mutant plants

lacking TRX m have higher levels of aggregated/inacti-

vated ZE and accumulate high quantities of zeaxanthin

(Da et al., 2018). The question that arises is whether the

trxm lines display a high NPQ at medium light intensi-

ties (250 μmol photons m−2 sec−1) instead of in HL

(700 μmol photons m−2 sec−1). One possibility is that, in

HL, the low level of TRX m might be somewhat com-

pensated after overcoming a reduction threshold or by

the activation of unknown mechanisms restoring the

energy assimilation balance at higher light intensities.

Another possibility would consist of the existence of dif-

ferent energy dissipation mechanisms operating at dif-

ferent light intensities similarly to some transport

proteins or enzyme isoforms that have different sub-

strate affinities to cope with the fluctuating solute or

substrate concentrations, which occur in the living

systems.

Anthocyanin accumulation in response to HL depends on

the TRX m1 and m4 redox regulation

Anthocyanins are protective pigments acting as a screen-

ing mechanism produced in response to a harmful

Figure 8. Anthocyanin accumulation in response to a high light (HL) treatment.

(a) Anthocyanin accumulation in 3-week-old wild-type (WT, Col0) and trxm plants after 4 days of an HL treatment.

(b) Anthocyanin accumulation in WT and trxf1f2 mutant under the same experimental conditions as shown for (a).

(c) Anthocyanin accumulation in WT and trxm1m4 and trxm1m2m4 mutants after a 4-day HL treatment without (−JA) or with jasmonic acid (+JA).
(d) Anthocyanin accumulation in WT and trxm1m4 and trxm1m2m4 mutants cultivated under normal light conditions without (−JA) or with jasmonic acid

(+JA). JA treatments consisted of spraying the leaves with a solution of 2 mM JA on the first and third days (twice a day) after initiating the HL incubation. Con-

trol plants (−JA) were treated with water. Data are presented as mean � standard deviation. *P < 0.05, ***P < 0.01 as analysed by one-way analysis of variance

followed by a Tukey’s post hoc test. n = 5 per genotype.
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irradiation (Das et al., 2011). As far as we know, there are

no previous reports about the influence of chloroplast

TRXs in the regulation of the anthocyanin biosynthesis.

According to the anthocyanin levels, it seems that either

TRX m1 or m4 are necessary to trigger a full HL response,

as we were unable to observe any difference between the

single trxm1 and trxm4 mutants and the WT line. More-

over, both the double mutant trxm1m4 as well as the triple

mutant accumulated half the anthocyanin content of the

WT line. Although we cannot rule out the possibility that

the isoform TRX m2 may also be contributing to this

response, the fact is that the combination of the mutant

allele trxm2 with both other mutant alleles did affect other

aspects of the plant physiology, casting doubts over the

involvement of TRX m2 in the anthocyanin response.

Redox signalling originated from the chloroplast controls

many aspects of plant cell biology. In this sense, the

chloroplast TRXs, together with the proteins such as Exe-

cuter 1 and 2, the thylakoid kinases STN7 and 8, and the

plastoquinone pool, have been proposed as putative redox

signalling players (Pfannschmidt et al., 2009).

We have proved that JA is not responsible for the

impaired anthocyanin response in the trxm1m4 mutants.

Given that ZE, the first enzyme of the abscisic acid (ABA)

biosynthesis pathway, largely tends to be inactivated in a

trxm genetic background (Da et al., 2018), another likely

possibility is that putative low levels of ABA may be

impairing the anthocyanin response in the trxm1m4

mutants (Li et al., 2019; Loreti et al., 2008). Nevertheless,

we cannot rule out the possibility that TRX m may also

have an ABA-independent signalling role in the response

to HL, suggesting new research fields linking redox and

hormonal regulation in plants.

Anthocyanin level was normal at GL in the triple trxm

mutant (Figure 8a). We wondered whether anthocyanin-

related genes did not respond properly to the light cue. To

get more insight into this question we chose and analysed

a group of HL-responding gene related to anthocyanin

biosynthesis (Mahmood et al., 2016). Our results showed a

misregulation of genes controlling anthocyanin biosynthe-

sis (Figure 9b,c). Nevertheless, transcript levels of the

biosynthesis genes were similar (CHS) or even more abun-

dant (ANS and DFR) than in the WT line in response to HL

(Figure 9a). We hypothesize that this over-response to

HL would counterbalance a putative shortage of antho-

cyanin precursors. These results did not explain the

observed phenotype and, despite our efforts, the question

of how TRX m are regulating the anthocyanin accumula-

tion in response to HL remains elusive.

Functional specialization of the TRX m isoforms

Arabidopsis

During evolution, Arabidopsis multigenic families arose

from gene-duplication events. In the case of the TRX-

regulated proteins, the increasing target complexity led to

a parallel diversification of the members of the TRX family.

According to our results, the TRX m1, m2, and m4 seem to

Figure 9. Transcript accumulation of anthocyanin biosynthesis and regula-

tory genes after a high light (HL) treatment.

(a) Quantitative polymerase chain reaction (qPCR) analysis of anthocyanin

biosynthesis genes: anthocyanidin synthase (ANS), chalcone synthase

(CHS), and dihydroflavonol-4-reductase (DFR).

(b) qPCR analysis of transcriptional activators of anthocyanin biosynthesis:

Production of Anthocyanin Pigment 1 (PAP1) and Transparent Testa 8 (TT8).

(c) qPCR analysis of transcriptional repressors of anthocyanin biosynthesis:

NAC transcription factor 32 (ANAC032), MYB-like 2 (MYBL2), and transcription

factor TCP15 (TCP15). Three-week-old wild-type (Col0) and trxm1m2m4 plants

grown at growth light (GL) were exposed to a 4-day HL treatment. Data are

presented as mean � standard deviation. Different letters mean statistically

significant difference according to a one-way analysis of variance followed by

a Tukey’s post hoc test. Three biological replicates were performed.
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regulate a broad number of physiological processes,

mainly integrating light and redox signalling. We have

recently reported that many differentially expressed pro-

teins in the trxm single mutants are related with photosyn-

thetic proteins as well as with other extra-chloroplastic

metabolic processes (Fernández-Trijueque et al., 2019).

We provide evidence about the significance of the redox

signalling mediated by TRX m for the plant physiology;

moreover, the diverse studies that we have carried out

give solid clues about the ongoing specialization process

inside this key subset of chloroplast TRXs. Despite having

a plastid location, the broad range of affected processes

suggests that these proteins are in the hub of the redox

signalling controlling important plant traits, so far unre-

ported, which are beyond the regulation of the chloro-

plast processes.

EXPERIMENTAL PROCEDURES

Plant material and growth conditions

Arabidopsis lines [Columbia (Col-0) genetic background] with
T-DNA insertions in the TRX genes coding for the isoforms TRX
m1 (SALK_087118; Courteille et al., 2013; Wang et al., 2013), m2
(SALK_130686; Fernández-Trijueque et al., 2019), m4
(SALK_032538; Courteille et al., 2013; Wang et al., 2013), f1
(SALK_128365; Okegawa and Motohashi, 2015; Fernández-
Trijueque et al., 2019), and f2 (GK_020E05; Fernández-Trijueque
et al., 2019; Ojeda et al., 2017) were analysed.

Soil grown plants [peat soil/vermiculite (v/v) = 3:1], planted in
standard plastic alveoli (180 ml capacity), were incubated in
growth chambers under a long day photoperiod (16 h light–8 h
dark) at 21°C/20°C (day/night) temperature and 60% relative
humidity, and light intensities of 120 μmol photons m−2 sec−1 PAR
for the optimal GL condition or 700 μmol photons m−2 sec−1 PAR
for the HL condition, depending on the experimental conditions.

Plant genotyping

Single mutant lines (or a double and a single mutant line) were
crossed, and homozygous double and triple lines were identified
by polymerase chain reaction (PCR). Oligonucleotides are listed in
Table S1.

Gas exchange measurements and PSII photochemical

efficiency

The CO2 assimilation rate was determined in the upper fully
expanded leaf of the A. thaliana WT (Col-0) and simple, double,
and triple trxm mutants by using a portable infrared gas analyser
LI-6400 (LI-COR Biosciences, Inc., Lincoln, NE, USA), which allows
the environmental conditions within the chamber (model 6400-02B
LED Light Source) to be precisely controlled. The plantlets growth
conditions were under HL and GL for 2 or 3 weeks and the A mea-
surement was by changing light intensities (light curve), with a
range of 0–2000 PAR (μmol photons m−2 sec−1). The LI-6400 6.1
software was used to calculate the photosynthetic parameters.

The parameters of chlorophyll fluorescence emission (Fv/Fm)
were determined by using a chlorophyll fluorometer PAM 2000
(Walz, Effeltrich, Germany). The maximum quantum yield of PSII
(Fv/Fm) was calculated from the parameters using the following
equation: Fv/Fm = (Fm − F0)/Fm, where F0 is the initial minimal

fluorescence emitted from leaves dark-adapted for 15 min and Fm
the maximal fluorescence elicited by saturating actinic light.

In plants subjected to a 2-day HL treatment, chlorophyll a fluores-
cence was monitored using the Walz maxi-imaging-PAM. Satura-
tion pulses (2700 μmol photons m−2 sec−1 for 0.8 sec) were applied
to determine Fm and F 0

m. Y(II) was calculated as F 0
m�F 0=F 0

m, qL as
ðF 0

m�FÞ=ðF 0
m�F 0

0Þ�F 0
0=F , and NPQ was calculated as

ðFm�F 0
mÞ=F 0

m where the value of Fm was determined after relax-
ation of NPQ for 15 min in the dark, as described in Li et al. (2002).

Light and scanning electron microscopy

Semi-thin sections of 1 mm of Col-0 and trxm mutants of Ara-
bidopsis leaves grown under GL or HL were processed as
described in Barajas-López et al. (2007). After staining with tolu-
idine blue the tissue structure was visualized in an OLYMPUS
BX51 light microscope.

The number, shape, and opening of the stomata were observed
and measured in the leaf adaxial and abaxial epidermis of at least
three plants per line by using High Resolution Scanning Electron
Microscopy AURIGA (Carl Zeiss SMT, Jena, Germany). High reso-
lution and low voltages images of secondary electron taken by a
secondary electron in-lens detector of 500-fold magnification were
analysed for stomata quantification and size measuring with Ima-
geJ software.

Anthocyanin extraction and quantification

Leaf samples were incubated overnight at 4°C in the dark with
acidic methanol (1% HCl v/v). The samples were centrifuged, and
the absorbance of the supernatants was measured at 530 and
657 nm. According to Rabino and Mancinelli (1986), anthocyanin
content was calculated as (A530 − 0.2A657) g

−1fresh weight.

Total RNA extraction, cDNA synthesis, and quantitative

reverse transcriptase-polymerase chain reaction (RT-PCR)

analysis

Total RNA was isolated using the TRIzolTM Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) and cDNA synthesis was
carried out with the PrimeScript™ RT Master Mix (Takara Bio,
Shiga, Japan) according to the manufacturers’ instructions. Real-
time RT-PCR was performed using the TB Green Premix Ex Taq
(Takara Bio) following the manufacturer’s protocol. Expression
values from two technical and three biological replicates were
analysed using the 2–ΔΔCT method (Livak and Schmittgen, 2001).
UBI10 was used as an internal reference gene for normalization.
Oligonucleotides used are listed in Table S1.

Statistical analysis

Statistical analyses of data were performed using R software
(https://rstudio.com). Significant differences between groups were
tested using the analysis of variance test and the pairwise compar-
ison Tukey HSD test with the “Agricolae package” (available
online at: https://CRAN.R-project.org/package=agricola). Manhat-
tan distance (rectilinear distance, abbreviated as “dm”) were cal-
culated as dmanðp, qÞ¼∑n

i¼1 pi �qið Þj j, the sum of the absolute
differences between points (pi and qi ) of different curves.

Accession numbers

AT1G03680, TRXm1; AT2G15570, TRXm2; AT1G50320, TRXm4;
AT3G02730, TRXf1; AT5G16400, TRXf2; PAP1, AT1G56650; TT8,
AT4G09820; TCP15, AT1G69690; ANAC032, AT1G77450; MYBL2,
AT1G71030; CHS, AT5G13930; DFR, AT5G42800; and ANS,
AT2G38240.
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Nikkanen, L. & Rintamäki, E. (2019) Chloroplast thioredoxin systems

dynamically regulate photosynthesis in plants. The Biochemical Journal,

476, 1159–1172.
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