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SUMMARY

Symbiotic hemoglobins provide O2 to N2-fixing bacteria within legume nodules, but the functions of

non-symbiotic hemoglobins or phytoglobins (Glbs) are much less defined. Immunolabeling combined with

confocal microscopy of the Glbs tagged at the C-terminus with green fluorescent protein was used to deter-

mine their subcellular localizations in Arabidopsis and Lotus japonicus. Recombinant proteins were used to

examine nitric oxide (NO) scavenging in vitro and transgenic plants to show S-nitrosylation and other

in vivo interactions with NO and abscisic acid (ABA) responses. We found that Glbs occur in the nuclei,

chloroplasts and amyloplasts of both model plants, and also in the cytoplasm of Arabidopsis cells. The pro-

teins show similar NO dioxygenase activities in vitro, are nitrosylated in Cys residues in vivo, and scavenge

NO in the stomatal cells. The Cys/Ser mutation does not affect NO dioxygenase activity, and S-nitrosylation

does not significantly consume NO. We demonstrate an interaction between Glbs and ABA on several

grounds: Glb1 and Glb2 scavenge NO produced in stomatal guard cells following ABA supply; plants overex-

pressing Glb1 show higher constitutive expression of the ABA responsive genes Responsive to ABA

(RAB18), Responsive to Dehydration (RD29A) and Highly ABA-Induced 2 (HAI2), and are more tolerant to

dehydration; and ABA strongly upregulates class 1 Glbs. We conclude that Glbs modulate NO and interact

with ABA in crucial physiological processes such as the plant’s response to dessication.
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INTRODUCTION

The first plant hemoglobin was discovered in soybean

nodules. The finding was subsequently extended to the

root nodules of other legumes and of some actinorhizal

plants. Several leghemoglobins and other symbiotic hemo-

globins were characterized and proved to transport and

deliver O2 to the N2-fixing bacterial symbionts (Appleby,

1984; Tjepkema et al., 1986). Over the following decade,

hemoglobin mRNAs or proteins were detected in seeds,

roots and other organs of monocots (Taylor et al., 1994;

Arredondo-Peter et al., 1997), legumes (Andersson et al.,

1996) and Arabidopsis (Trevaskis et al., 1997). Phylogenetic

analyses of these non-symbiotic hemoglobins, now termed

phytoglobins (Glbs), assigned them to two well-defined

clades (class 1 and class 2), and the respective proteins of

Arabidopsis (AtGlb1 and AtGlb2) were characterized in

detail (Trevaskis et al., 1997; Bruno et al., 2007; Smagghe

et al., 2009). More recently, nucleotide sequences encoding

Glbs have been identified in the genomes of non-vascular

plants (Garrocho-Villegas et al., 2007). These and other

findings indicate that Glbs are widespread in land plants,

play functions in non-symbiotic organs, and have evolved

from a common ancestor. In 2001, another type of Glb was

discovered in Arabidopsis (AtGlb3) and purified in
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recombinant form. It shares sequence similarity with bacte-

rial truncated hemoglobins and has a 2-on-2 arrangement

of a-helices, unlike the typical 3-on-3 structural motif of

animal and plant hemoglobins (Watts et al., 2001). Trun-

cated or class 3 Glbs are amply distributed in all kinds of

organisms, including cyanobacteria, green algae and vas-

cular plants (Wittenberg et al., 2002).

Class 1 Glbs have an extremely high O2 affinity, are

induced by hypoxia and nitric oxide (NO), and improve the

plant tolerance to hypoxic conditions when overexpressed

in Arabidopsis and cereals (Sowa et al., 1998; Hunt et al.,

2002; Dordas et al., 2004; Ohwaki et al., 2005; Smagghe

et al., 2009). This beneficial effect was linked to NO scav-

enging via the NO dioxygenase (NOD) reaction,

NO + Glb2+O2 ? NO3
� + Glb3+, where Glb2+O2 and Glb3+

are the oxyferrous and ferric forms of the proteins, respec-

tively. This reaction probably contributes to maintaining

the redox and energy status of the cells during hypoxia

(Sowa et al., 1998; Igamberdiev and Hill, 2004). AtGlb2 is

induced by cold and cytokinins but not by hypoxia (Trevas-

kis et al., 1997; Hunt et al., 2001), and its overexpression

increases the oil content of developing seeds (Vigeolas

et al., 2011). Both AtGlb1 and AtGlb2 play major roles in

plant development and morphogenesis (Hebelstrup et al.,

2006). Class 3 Glbs have low O2 affinities (Watts et al.,

2001; Sainz et al., 2013) and might be involved in NO meta-

bolism in some green algae (Sanz-Luque et al., 2015) and

dicots (Vieweg et al., 2005; Dumont et al., 2014).

All three types of Glbs are widespread in plant organs

(Hunt et al., 2001; Ross et al., 2001; Vieweg et al., 2005; Bus-

tos-Sanmamed et al., 2011; Huang et al., 2014), but their

subcellular localizations, which are essential to address pro-

tein functions, are still unclear. Some class 1 Glbs have

been located in the nucleus and cytoplasm (Sereg�elyes

et al., 2000; Qu et al., 2005; Hebelstrup et al., 2007, 2008),

but others only in the cytoplasm (Ross et al., 2001). The

subcellular localization of class 2 Glbs is unknown, except

for the detection of AtGlb2 in the nucleus and cytoplasm of

epidermal root cells (Hebelstrup et al., 2008). Two class 3

Glbs were found in the chloroplasts of the green alga

Chlamydomonas eugametos (Couture et al., 1994).

Recently, the occurrence of chloroplastic Glbs has been

claimed in a few vascular plants (Smagghe et al., 2007; Kim

et al., 2013; Sainz et al., 2013; Leiva-Eriksson et al., 2014),

but conclusive experimental evidence is lacking. The vast

majority of plant Glbs lack a chloroplast transit peptide, and

a rigorous demonstration of their localization is therefore

mandatory. Here, we used the model plants Lotus japoni-

cus and Arabidopsis to prove that Glbs occur in the chloro-

plasts, nuclei and cytoplasm. Because chloroplast metabo-

lism is a source of NO (Jasid et al., 2006) and this signal

molecule is needed for abscisic acid (ABA)-dependent

stomatal closure (Desikan et al., 2002), we investigated a

possible interaction between Glbs and ABA. Our results

reveal that Glbs are involved in NO homeostasis in the

three subcellular compartments and may modulate ABA

bioactivity in essential physiological processes of plants.

RESULTS

Subcellular localization of Glbs

Unlike Arabidopsis, which contains one globin of each

class, L. japonicus may express up to five Glbs categorized

as two class 1 (LjGlb1-1, LjGlb1-2), one class 2 (LjGlb2) and

two class 3 (LjGlb3-1, LjGlb3-2). We have localized Glbs by

immunogold electron microscopy (EM) using affinity-puri-

fied antibodies raised to LjGlb1-2, LjGlb2 and LjGlb3-2.

These antibodies were obtained earlier (Sainz et al., 2013)

but were subjected here to a final cleaning step to further

ensure the absence of cross-reactivity with proteins other

than globins. Because the antibodies are polyclonal and the

proteins within each class share high sequence similarity,

the LjGlb1-2 antibody also recognized LjGlb1-1 and the

LjGlb3-2 antibody also recognized LjGlb3-1 (Figure S1a).

The immunoblot revealed the presence of a small amount

of dimeric LjGlb3-2 even under reducing conditions (Fig-

ure S1a). The dimer is formed by a disulfide bond, as evi-

denced by FPLC separation of the protein with and without

DTT and by mass spectrometry (Figure S2). The three anti-

bodies recognized single proteins of the expected size in

nodule and leaf extracts of L. japonicus (Figure S1b). The

exception was LjGlb2, which was present in nodules but

not in leaves, consistent with the negligible expression of

LjGlb2mRNA in the leaves (Bustos-Sanmamed et al., 2011).

Immunogold labeling was performed in roots, nodules

and leaves of L. japonicus using the three antibodies. To

better preserve protein antigenicity while keeping good

ultrastructure, the plant material was fixed with a low glu-

taraldehyde concentration, high-pressure frozen and

embedded at low temperature in Lowicryl acrylic resin.

Labeling (gold particles) was in general low, consistent with

reports that Glbs occur in plant tissues at low micromolar

concentrations (Gupta et al., 2011). To avoid redundancy,

we only show representative micrographs of the major

results in three figures, one for each class of Glb. Class 1

Glbs were present in the nuclei of root and nodule cells (Fig-

ure 1a), but also in the chloroplasts of leaves (Figure 1b)

and amyloplasts of roots and nodules (Figure 1c). Most of

the labeling in the leaves corresponds to the LjGlb1-2 pro-

tein because LjGlb1-1 is scarcely expressed in the leaves

and the antibody was generated against LjGlb1-2 (Bustos-

Sanmamed et al., 2011; Sainz et al., 2013). Similarly, the

single class 2 Glb, LjGlb2, was found in the nuclei (Fig-

ure 2a) and amyloplasts (Figure 2b) of roots and nodules,

but was absent from the leaves, as could be demonstrated

by immunoblots (Figure S1b). Class 3 Glbs were detected

on the nuclei, chloroplasts and amyloplasts (Figure 3). In

the chloroplasts and amyloplasts, labeling of class 1 and
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class 3 Glbs was seen on both the starch grains and outside

them (Figures 1b,c and 3b,c). Labeling was absent from the

nuclei, chloroplasts and amyloplasts of control sections in

which the antibody was replaced by non-immune serum

using otherwise identical incubation conditions (Figure S3).

The finding of Glbs in the chloroplasts of L. japonicus

was unexpected and prompted us to investigate whether it

can be extended to Arabidopsis leaves by taking advantage

of the availability of lines that overexpress (OE1) or lack

AtGlb1 due to gene knockout (KO1) or silencing (SIL1). For

this purpose, we employed the LjGlb1-2 antibody that was

previously tested against purified recombinant AtGlb1 and

AtGlb2 (Figure S1c). The antibody recognized AtGlb1 but

not AtGlb2, and was therefore qualified for immunogold

EM in Arabidopsis. Figure 4 includes representative

images of labeling in the leaves from the four Arabidopsis

lines. The chloroplasts of wild-type (WT) plants (Figure 4a)

showed significant labeling, which was markedly enhanced

in the OE1 plants (Figure 4b). In the latter case, labeling

was occasionally seen as conglomerations of gold particles

(Figure S4). In sharp contrast, the chloroplasts of SIL1 and

KO1 plants were either not labeled or showed, at most,

one or two gold particles per chloroplast, which was con-

sidered background labeling (Figure 4c,d). To statistically

analyze the data, we conducted a detailed quantitative

immunogold study using leaf preparations of the four

lines, which were immunolabeled in parallel with exactly

the same reagents and conditions. Figure 5 shows the

number of gold particles per chloroplast. Statistical com-

parison of the labeling intensity in the four lines confirmed

that AtGlb1 is genuinely present in the chloroplasts.

Finally, we conducted complementary studies of subcel-

lular localization using L. japonicus and Arabidopsis Glbs

tagged at the C-terminus with green fluorescent protein

(GFP). In a first set of experiments, the constructs encoding

the GFP-tagged LjGlbs were introduced into Arabidopsis

mesophyll protoplasts and the proteins were visualized by

confocal laser-scanning microscopy (CLSM). For unknown

reasons, we failed to transform protoplasts with the LjGlb2

construct. We observed that LjGlb1-1, LjGlb1-2 and LjGlb3-

1 were present in the chloroplasts, whereas LjGlb3-2 was

not (Figure 6). In a second set of experiments, we used

(a)

(b)

(c)

Figure 1. Immunogold localization of class 1 Glbs

in leaves, roots and nodules of Lotus japonicus.

Plant material was labeled with an antibody raised

against LjGlb1-2. Labeling (arrows) can be seen on

(a) the nucleus of a nodule infected cell, (b) the

chloroplast of a mesophyll cell, and (c) an amylo-

plast of a nodule infected cell. In the chloroplasts

and amyloplasts, labeling was observed on starch

grains and outside them. Similar labeling was

observed on nuclei of root and leaf cells, and in

plastids of root cells. Three nodules, roots and

leaves were examined with the antibody, and 10

micrographs of each plant organ were taken with

similar results. Scale bars: 0.5 lm (a); 1 lm (b,c).
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(a)

(b)

Figure 2. Immunogold localization of the class 2

Glb in leaves, roots and nodules of Lotus japonicus.

Plant material was labeled with an antibody raised

against LjGlb2. Labeling (arrows) can be seen on (a)

the nucleus of a root cell and (b) the amyloplast of

a nodule infected cell. Similar labeling was

observed in the nuclei and plastids of root cells but

it was absent from leaf cells. Scale bars: 0.5 lm.

(a)

(b)

(c)

Figure 3. Immunogold localization of class 3 Glbs

in leaves, roots and nodules of Lotus japonicus.

Plant material was labeled with an antibody raised

against LjGlb3-2. Labeling (arrows) can be seen on

(a) the nucleus of a nodule infected cell, (b) the

chloroplast of a mesophyll cell, and (c) an amylo-

plast of a nodule infected cell. In the chloroplasts

and amyloplasts, labeling was observed on starch

grains and outside them. Similar labeling was

observed on nuclei of root and leaf cells, and in

plastids of root cells. Three nodules, roots and

leaves were examined with the antibody, and 10

micrographs of each plant organ were taken with

similar results. Scale bars: 0.5 lm (a,c); 1 lm (b).

© 2019 The Authors
The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2019), doi: 10.1111/tpj.14422

4 Maria C. Rubio et al.



AtGlb1-GFP and AtGlb2-GFP tagged lines (Hebelstrup

et al., 2007, 2008) to localize the proteins in cotyledons and

true leaves of Arabidopsis seedlings. In the cotyledons,

AtGlb1 was localized to the cytoplasm and nuclei of the

epidermal and mesophyll cells (Figure 7a,b), whereas

AtGlb2 was not expressed (Figure S5). In sharp contrast, in

the true leaves, AtGlb1 (Figure 7c) and AtGlb2 (Figure 7d)

were found to be expressed and localized to the nuclei and

cytoplasm of epidermal cells and to the chloroplasts of

mesophyll cells.

S-nitrosylation of Glbs

The molecular mechanisms underlying the functions of

Glbs are far from understood, but the prevailing view is

that some of these proteins are able to modulate NO

levels inside the cells (Igamberdiev and Hill, 2004; Hebel-

strup et al., 2008; Gupta et al., 2011). Indeed, Glbs may

bind NO at Cys residues and heme groups forming S-ni-

trosyl and metal-nitrosyl complexes, respectively. Both

possibilities were scrutinized using the five LjGlbs and

their Cys/Ser mutant derivatives. There are two Cys

(a)

(b)

(c)

(d)

Figure 4. Leaves of Arabidopsis were labeled with

the LjGlb1-2 antibody. The figure shows chloro-

plasts of the (a) wild-type (WT), (b) OE1, (c) SIL1

and (d) KO1 lines. Note the absence or background

labeling in the chloroplasts of SIL1 or KO1 plants.

Gold labeling (arrows) can be seen on the chloro-

plasts and, in the OE1 line, also on the cytoplasm

(arrowheads). Scale bars: 1 lm. KO, knockout; OE,

overexpressing; SIL, silencing.

© 2019 The Authors
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residues in LjGlb1-1 (C8, C78) and LjGlb3-1 (C159, C166),

and a single Cys residue in the other globins. All the

recombinant proteins were produced and purified with

the exception of the single Cys mutant of LjGlb2 (C65S),

which was obtained only in very poor yield. The WT and

mutated proteins were treated with the physiological NO

donor S-nitrosoglutathione (GSNO) and subjected to the

biotin switch. In this technique, the SNO groups of S-ni-

trosylated proteins are specifically reduced by ascorbate

and replaced by a biotin tag. Labeled proteins can be

detected with antibodies against biotin or enriched by

affinity chromatography. The assay demonstrated that all

Cys residues of the five globins are nitrosylated in vitro

(Figure 8a,b). The nitrosylation of LjGlb1-2 (C79) was veri-

fied as an exemplary case using the His-tag switch fol-

lowed by mass spectrometry (Figure S6). Also, as an

example of the specificity of the biotin switch assay, we

tested it with purified nitrosylated AtGlb1 by omitting

ascorbate in the reaction or by incubating the protein with

DTT before blocking the thiol groups with N-ethyl-

maleimide (NEM). This resulted in the partial or complete
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Figure 5. Quantitative immunogold labeling analysis of AtGlb1 in Arabidop-

sis leaves. Data are means of counts of gold particles on 20–25 chloroplasts

in a single leaf from four separate plants per line. Means denoted by the

same letter do not significantly differ according to the Duncan’s multiple

range test (P < 0.05).

ChlorophyllGFP Overlay

LjGlb1-1

LjGlb1-2

LjGlb3-1

LjGlb3-2

Figure 6. Subcellular localization of LjGlb1 and

LjGlb3 in mesophyll cell protoplasts of Arabidopsis.

Images of representative protoplast preparations

are shown for each globin. Note the presence of

LjGlb1-1, LjGlb1-2 and LjGlb3-1 in the chloroplasts,

and of LjGlb3-2 in the nucleus (yellow arrow) and

cytoplasm (orange arrow). The localization in

chloroplasts can be seen in the green fluorescent

protein (GFP) images (green) and in the merged

images (green + magenta) of the GFP and chloro-

phyll fluorescence channels. The same patterns

were observed in multiple protoplasts after inde-

pendent transfections. Scale bars: 10 lm.
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disappearance of the anti-biotin immunoreactive band

(Figure 8b).

To prove that the S-nitrosylation of Glbs also occurs

in vivo, we treated Arabidopsis overexpressing AtGlb1

(OE1) or AtGlb2 (OE2) with GSNO. As a prerequisite, it was

crucial to prove the specificity of the LjGlb1 and LjGlb2 anti-

bodies for the respective proteins of Arabidopsis. The

immunoblots show that each antibody only recognized the

corresponding Arabidopsis protein in leaf extracts (Fig-

ure 8c). The proteins nitrosylated by GSNO were purified

by streptavidin-agarose affinity chromatography and ana-

lyzed on immunoblots with the LjGlb antibodies. The

immunoblots revealed that S-nitrosylated AtGlb1 and

AtGlb2 are present in vivo because they were found both in

the GSNO-treated extracts and in the untreated extracts

(Figure 8d).

Nitric oxide scavenging activity of Glbs

Hemeprotein chemistry dictates that deoxyferrous Glb

(Glb2+) tightly binds NO, precluding O2 transport, whereas

GFP Chlorophyll Overlay

(a)

(b)

(c)

(d)

Figure 7. Subcellular localization of AtGlb1 and

AtGlb2 in Arabidopsis cotyledons and leaves. (a, b)

In cotyledons, AtGlb1 is localized in the nuclei (yel-

low arrows) and cytoplasm (orange arrows), but

not in the chloroplasts, of (a) stomatal and (b) mes-

ophyll cells. (c) In leaves, AtGlb1 is also detected in

the chloroplasts of mesophyll cells, and (d) AtGlb2

in the nuclei (yellow arrows), cytoplasm (orange

arrows) and chloroplasts of epidermal and/or meso-

phyll cells. Scale bars: 20 lm.
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Glb2+O2 may catalyze the NOD reaction, thereby decreas-

ing NO levels. Here, we used an NO-selective electrode to

measure the initial linear rates of NOD activity during the

reaction between Glb2+O2 and NO generated by diethy-

lamine NONOate (DEA), an artificial NO-releasing com-

pound, or by GSNO (Figure 8e). The results show that all

globin classes of L. japonicus display high NOD activities,

with similar patterns for both NO donors but in some

cases with lower rates for GSNO than for DEA. The NOD

activity depended on the globins (Figure 8e), but did not

significantly differ (� 10%) between the WT and mutated

proteins, indicating that it is an inherent property of the

heme and unrelated to S-nitrosylation. The Glb3+ proteins

did not scavenge NO via heme groups or Cys residues,
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Figure 8. Interaction between Glbs and nitric oxide (NO). Glbs are S-nitrosylated in vitro and in vivo, and display NO dioxygenase (NOD) activity. (a) In vitro

nitrosylation of Cys residues of the three LjGlb classes. For LjGlbs bearing two Cys residues (LjGlb1-1 and LjGlb3-1), the Cys/Ser mutant proteins were also sub-

jected to the biotin switch assay. (b) The specificity of the biotin switch assay was tested with AtGlb1 as a control. The immunoreactive band of nitrosylated

AtGlb1 partially or completely disappeared, respectively, when ascorbate was omitted from the biotin switch reaction or the protein was treated with 10 mM

DTT prior to incubation with N-ethylmaleimide (NEM). The gel was loaded with 1 lg of protein per lane and the blot was probed with an anti-biotin antibody.

(c) Immunoblot of total proteins from leaves of Arabidopsis plants overexpressing (OE1, OE2) or silenced/knockout (SIL1, KO2) for AtGlb1 and AtGlb2. The gels

were loaded with 40 lg of protein per lane, and the blots were probed with antibodies to LjGlb1-2 and LjGlb2, respectively. (d) In vivo nitrosylation of AtGlb1

and AtGlb2. Extracts from OE1 and OE2 plants were subjected to the biotin switch. Biotinylated proteins were affinity purified and immunoblotted with the

LjGlb1-2 and LjGlb2 antibodies. Two biological replicates (proteins extracted from different plants) are shown. Similar results were obtained for extracts treated

(+) or not (�) with 1 mM GSNO. (e) In vitro NOD activity of all three classes of LjGlbs. Activities were expressed in nmoles of NO scavenged per minute and per

nmoles of heme protein. The ferric forms of each LjGlb were used as a control and showed zero activities. Values are means � SE of three independent protein

preparations. For each NO donor [20 lM diethylamine (DEA) or 1 mM GSNO], means denoted with the same letters are not statistically significant (P < 0.05)

based on the Duncan’s multiple range test. For (a–d), molecular mass markers (kDa) are shown on the left. Dilutions of primary and secondary antibodies were,

respectively: (a,b) 1:10 000 (anti-biotin) and (c, d) 1:1 000 (anti-LjGlb1-2, anti-LjGlb2) and 1:40 000 (anti-HRP).
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and were used as negative controls in the NOD activity

assay.

To demonstrate that Glbs scavenge NO inside the

chloroplast, nucleus and cytoplasm, we focused on stom-

atal guard cells, which are amenable for this type of stud-

ies with CLSM. First, we verified that AtGlb1 and AtGlb2

are expressed in guard cells by isolating protoplasts from

OE1 and SIL1 plants. The relative expression levels of

AtGlb1 and AtGlb2 were quantified in guard cell proto-

plasts (Figure S7). Next, we used two strategies to detect

NO scavenging at the subcellular level. The first of them

was based on the fortuitous discovery that a very low con-

centration of surfactant ‘Evonik Break-Thru S233’, which

facilitates the entry of NO donors in the leaves, was able to

elicit by itself the production of NO in the guard cells. We

exploited this observation and compared NO production in

SIL1 (Figure 9a) and OE1 (Figure 9b) by CLSM. Seedlings

were treated for 1 h in the light with surfactant that was

highly diluted in stomata-opening buffer containing or not

DEA. They were then washed and incubated with 4,5-di-

aminofluorescein diacetate (DAF-2 DA) for 1 h in the dark.

This membrane-permeable compound is deacetylated by

intracellular esterases and reacts with NO (actually, with

the derived species N2O3) to generate a highly fluorescent

triazole (Gupta et al., 2011). The chloroplasts in the guard

cells of SIL1 showed intense green fluorescence, frequently

distributed in foci, both with and without DEA (Figure 9a).

Fluorescence was seen also on the nuclei and, albeit with

lower intensity, on the cytoplasm at the periphery of cells

(Figure 9a). The fluorescence on the chloroplasts, nuclei

and cytoplasm was suppressed by 2-(4-carboxyphenyl)-

4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO; an

NO scavenger), which confirmed NO production (Fig-

ure 9a). In sharp contrast, most of the guard cells of OE1

exposed to the surfactant lacked the NO-dependent fluo-

rescence, leaving unmasked chlorophyll autofluorescence

(Figure 9b).

Interactions between Glbs and abscisic acid

To further demonstrate in vivo NO scavenging by Glbs, we

applied ABA to the leaves because this phytohormone

induces NO production in guard cells (Desikan et al., 2002).

We used CLSM of intact leaves rather than of epidermal

strips, which might be more prone to artifactual formation

of NO, to confirm that ABA exacerbates NO accumulation

in guard cells. Interestingly, NO accumulated only in the

chloroplasts and cytoplasm of SIL1 and KO2, but not in

those of OE1 and OE2 (Figures 10 and 11). Collectively, our

data indicate that AtGlb1 and AtGlb2 remove NO in the

chloroplasts, nucleus and cytoplasm of guard cells, includ-

ing NO generated in response to elevated ABA. This

strongly suggests that Glbs may interact with ABA. To sub-

stantiate this hypothesis, we subjected the transgenic lines

to dehydration because this stress is typically linked to

ABA responses (Saez et al., 2006; Bhaskara et al., 2012).

Figure 12(a) shows representative dehydration profiles of

2-week-old plants. The OE1 plants were more tolerant to

dehydration than the WT and SIL1 plants, an observation

that was already evident after the initial 30 min. The higher

tolerance of OE1 plants cannot be ascribed to de novo syn-

thesis of ABA or to higher levels of endogenous ABA

because all three lines had similar ABA contents both

under control (unstressed) conditions (approximately 5–
6 ng g�1 fresh weight) and after 60–75 min of dehydration

(approximately 11–14 ng g�1 fresh weight).

We thus investigated whether the ABA response was

altered in the OE1 line. For this purpose, we quantified

mRNA levels of established ABA marker genes [for termi-

nology of mRNA quantification by quantitative reverse tran-

scription-polymerase chain reaction (qRT-PCR), see

Experimental procedures). We focused on Responsive to

ABA (RAB18) and Responsive to Dehydration (RD29A), as

well as the type 2C protein phosphatases involved in ABA

signaling Highly ABA-Induced (HAI1, HAI2 and HAI3) and

PP2CA (Jeannette et al., 1999; Saez et al., 2006; Fuji et al.,

2007; Bhaskara et al., 2012). Figure 12(b) shows that the

OE1 plants had constitutively higher mRNA levels of

RAB18, RD29A and HAI2 than the WT plants. Specifically,

the respective increases of transcript levels were 2.2-fold,

1.2-fold and 1.2-fold in terms of normalized Cq’ values (log-

transformed; Figure 12b), or 24-fold, 2.1-fold and 3.2-fold in

terms of normalized relative quantities (NRQs) relative to

WT controls (non-log-transformed). No changes were

observed in the expression levels of HAI1, HAI3 and PP2CA

under control conditions (Figure S8). The OE1 plants may

therefore have an alteration of the ABA response as a result

of the enhanced levels of AtGlb1.

Additional support for an interaction between Glbs and

ABA was provided by examining the effects of ABA on Glb

mRNA levels in plants under normal light conditions (Fig-

ure 12c). In terms of Cq’ values, ABA caused strong upregula-

tion of AtGlb1 (1.9-fold) and LjGlb1-1 (5.1-fold) and, to a

lower extent, of LjGlb1-2 (1.3-fold). In contrast, expression

levels remained constant for LjGlb3-1 and LjGlb3-2 or showed

a modest decrease for AtGlb2. Therefore, the transcriptional

effect of ABA was specific for class 1 Glbs. An attempt was

also made to determine whether the induction of AtGlb1 was

mediated by NO. To this end, we treated Arabidopsis plants

for 24 h with ABA in combination or not with cPTIO under

dark conditions to ensure that cPTIO, which is photolabile,

was not degraded. Figure 12(c) shows that AtGlb1 remained

induced in the dark, at levels of approximately 1.4-fold, and

that cPTIO had no effect, suggesting that the ABA-dependent

induction of AtGlb1 does not require NO.

DISCUSSION

The expression profiles of Glbs in plant tissues greatly

depend on the globin type, developmental stage and

© 2019 The Authors
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environmental conditions (Sowa et al., 1998; Hunt et al.,

2001; Wittenberg et al., 2002; Dordas et al., 2004; Igam-

berdiev and Hill, 2004; Ohwaki et al., 2005; Garrocho-Ville-

gas et al., 2007; Vigeolas et al., 2011). However, no reports

appear to link the subcellular localizations of Glbs to their

functions in plants. Our results contribute to fill this gap.

We have combined immunogold EM with in vivo cell

imaging of the GFP-tagged proteins to prove that the Glbs

of L. japonicus and Arabidopsis occur in the nuclei and

chloroplasts. In Arabidopsis some immunolabeling was

also observed in the cytoplasm, in agreement with Hebel-

strup et al. (2008), and this localization was verified with

the tagged proteins AtGlb1-GFP and AtGlb2-GFP. In

L. japonicus, however, labeling in the cytoplasm was negli-

gible compared with that seen in the nuclei and plastids. It

is worth emphasizing that our immunolocalizations of Glbs

in the nuclei, chloroplasts and/or cytoplasm in L. japonicus

and Arabidopsis WT plants confirm the subcellular local-

izations observed with the respective proteins whose

expression was driven by the 35S promoter, namely, the

NO Chlorophyll Overlay
(a)

(b)

SIL1 + S233 + cPTIO

OE1 + DEA + S233

OE1 + S233

SIL1 + DEA + S233

SIL1 + S233

Figure 9. Interaction between Glbs and nitric oxide

(NO). AtGlb1 scavenges NO in vivo. Whole seed-

lings of (a) SIL1 and (b) OE1 lines of Arabidopsis

were exposed to surfactant S233, in combination or

not with 100 lM diethylamine (DEA), and then

loaded with 4,5-diaminofluorescein diacetate

(DAF-2 DA). In some cases, the NO-scavenger 2-(4-

carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-

3-oxide (cPTIO) was included along with the

surfactant and DAF-2 DA. Images show representa-

tive stomatal guard cells for each treatment. For

clarity, in some cases, the overlay of the two chan-

nels (NO and chlorophyll) is shown; in some others,

the overlay also includes the brightfield image. In

(a), note the NO-dependent green fluorescence on

the chloroplasts (blue arrows), nuclei (yellow

arrows) and cytoplasm (orange arrows), which was

suppressed in the presence of cPTIO. Also note

that, quite frequently, the fluorescence on chloro-

plasts is arranged in discrete units or foci, and that

the fluorescence on the cytoplasm appears to be

significant only at the periphery of the cells. Signal

intensities were quantified in stomatal cells and

expressed as mean gray values according to

ImageJ software. Means�SE of 6–25 repeats from

at least six seedlings are as follows: SIL1 + DEA +

S233 (58� 7), SIL1 + S233 (59� 8), SIL1 + S233 +

cPTIO (3� 1), OE1 + DEA +S233 (22� 2) and OE1 +

S233 (26� 3). Scale bars: 5 lm.
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GFP-tagged proteins in both model plants and AtGlb1 in

Arabidopsis OE1 plants. Consequently, under our experi-

mental conditions, the 35S promoter had no effect on the

subcellular localizations.

The association of Glbs with chloroplasts of leaves and

plastids of roots and nodules was unexpected because the

proteins lack N-terminal transit peptides. Nonetheless,

chloroplast proteins without cleavable transit peptides might

represent over 10% of the chloroplast proteome, albeit only

in a few instances has such localization been unambiguously

demonstrated (Armbruster et al., 2009). Using mesophyll cell

protoplasts of Arabidopsis as a transient expression system,

we found LjGlb1-1, LjGlb1-2 and LjGlb3-1 in the chloroplasts

but not LjGlb3-2. This observation was interesting because it

implies that the chloroplasts can discriminate between

LjGlb3-1 and LjGlb3-2, despite their shared sequence identity

of 83%, and it strongly suggests that the two globins perform

non-redundant roles. It is also interesting to note that, based

on in silico analysis, a very few Glbs of plants appear to have

a targeting peptide. This may be the case for some Glbs of

NO Chlorophyll Overlay
(a)

(b) OE1 - ABA

OE1 + ABA

SIL1 - ABA

SIL1 + ABA

SIL1 + cPTIO

Figure 10. Interactions between Glbs, nitric oxide

(NO) and abscisic acid (ABA). ABA induces produc-

tion of NO, which is scavenged by AtGlb1. Whole

seedlings of (a) SIL1 and (b) OE1 lines of Arabidop-

sis were exposed to 2.5 lM ABA, and then loaded

with 4,5-diaminofluorescein diacetate (DAF-2 DA).

In some cases, the NO-scavenger 2-(4-car-

boxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-

3-oxide (cPTIO) was included along with DAF-2 DA.

In (a), note the NO-dependent green fluorescence

on the chloroplasts (blue arrows) and cytoplasm

(orange arrows), which was suppressed in the pres-

ence of cPTIO. In (b), note the virtual disappearance

of fluorescence in the guard cells in the absence

and presence of ABA. Signal intensities were quan-

tified in stomatal cells and expressed as mean gray

values according to ImageJ software. Means�SE

of 5–10 repeats from at least five seedlings are as

follows: SIL1-ABA (18� 3), SIL1 + ABA (30� 8),

SIL1 + cPTIO (13� 1), OE1-ABA (5� 1) and OE1 +

ABA (6� 1). Scale bars: 5 lm.
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sugar beet (Leiva-Eriksson et al., 2014), cacao, wine grape

and castor bean, which are approximately 75 residues longer

than most other plant Glbs and are distant from each other in

evolutionary terms. It will, therefore, be appropriate to char-

acterize the complete set of globins for those plant species

and to ascertain their subcellular locations.

The second part of our study links the NO-related func-

tions of Glbs to their subcellular localizations, with the

focus on S-nitrosylation and NO scavenging activity. The

nitrosylation of Cys residues is a major post-translational

redox modification involved in enzyme activity regulation

and signaling in animals (Jaffrey et al., 2001) and plants

(Kovacs and Lindermayr, 2013). We found that all Cys resi-

dues of LjGlbs are amenable to nitrosylation by GSNO

in vitro and, most importantly, that AtGlb1 and AtGlb2 are

nitrosylated in vivo. Previous work had shown that a muta-

tion in the single Cys of barley Glb has no effect on its

NOD activity (Bykova et al., 2006) and that AtGlb1 is nitro-

sylated in the leaves (Perazzolli et al., 2004), which agrees

with our results. However, the latter authors proposed that

NO Chlorophyll Overlay
(a)

(b)
OE2 - ABA

KO2 - ABA

KO2 + ABA

KO2 + cPTIO

OE2 + ABA

Figure 11. Interactions between Glbs, nitric oxide

(NO) and abscisic acid (ABA). Effect of ABA on NO

production and scavenging of NO by AtGlb2. Whole

seedlings of (a) KO2 and (b) OE2 lines of Arabidop-

sis were exposed to 2.5 lM ABA, and then loaded

with 4,5-diaminofluorescein diacetate (DAF-2 DA).

In some cases, the NO-scavenger 2-(4-car-

boxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-

3-oxide (cPTIO) was included along with DAF-2 DA.

In (a), note the NO-dependent green fluorescence

on the chloroplasts (blue arrows) and cytoplasm

(orange arrows), which was suppressed in the pres-

ence of cPTIO. In (b), note a weak green fluores-

cence around the pore of the guard cells in the

presence of ABA. Signal intensities were quantified

in stomatal cells and expressed as mean gray val-

ues according to ImageJ software. Means�SE of

4–16 repeats from at least four seedlings were as

follows: KO2-ABA (15� 1), KO2 + ABA (19� 1),

KO2 + cPTIO (2� 1), OE2-ABA (4� 1) and

OE2 + ABA (9� 1). Scale bars: 5 lm.

© 2019 The Authors
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Figure 12. Interaction between Glbs and abscisic acid (ABA). (a) Dehydration profiles of Arabidopsis wild-type (WT), SIL1 and OE1 lines. Three hours after start-

ing the photoperiod, 2-week-old whole seedlings were carefully detached from agar plates and incubated at 23°C in the dark. Water loss was monitored by mea-

suring tissue weights. Values are means � SE of 24 plants. For each dehydration time, means denoted by the same letter do not significantly differ based on

the Duncan’s multiple range test (P < 0.05). (b) Constitutive expression levels of ABA-responsive genes in WT, SIL1 and OE1 plants. Four–five biological repli-

cates (each being a pool of two or three seedlings) per treatment were used, and reactions were carried out in triplicate. mRNA levels are expressed relative to

those of WT plants. The y-axis shows the normalized Cq’ (log2-transformed NRQs). Means denoted by the same letter do not significantly differ based on the

Duncan’s multiple range test (P < 0.05). (c) ABA induces expression of class 1 Glbs. Plants of Arabidopsis or Lotus japonicus were grown in MS or Jensen

media, respectively, for 15 days, and were then treated with mock (control) or 50 lM ABA for 24 h. Another set of Arabidopsis plants was also treated with

50 lM ABA for 24 h, without or with 200 lM 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO), in the dark. The Glb mRNA levels were

quantified in whole plants (Arabidopsis) or roots (L. japonicus). Three or four biological replicates per treatment were used and reactions were run in triplicate.

Asterisks denote significant differences with respect to the control based on the Student’s t-test (P < 0.05).
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S-nitrosylation is involved in NO scavenging, whereas we

found that the Cys residues make, if any, a minor contribu-

tion. In contrast, the nitrosylated proteins found in vivo,

probably originated by reaction of Glbs with GSNO, may

perform signaling functions by carrying NO, as would be

expected for a protein synthesized in the cytoplasm and

imported into the chloroplasts and nuclei. We conclude

that NO is scavenged by Glbs in vitro and in vivo as a

result of their NOD activity. The NO-scavenging activity of

Glbs becomes evident at the subcellular level in Arabidop-

sis leaves. High NO levels accumulate in the chloroplasts,

nucleus and cytoplasm of stomatal cells from SIL1 plants,

whereas the NO signal was suppressed in most of the cor-

responding cells from OE1 plants. This finding is physio-

logically relevant because NO is required for stomatal

function (Desikan et al., 2002). In fact, our in vivo observa-

tions reveal that chloroplasts of guard cells are able to gen-

erate NO by a mechanism independent from nitrate

reductase because this enzyme is exclusively localized in

the cytosol (Gupta et al., 2011).

The last part of our study demonstrates an interaction

between Glbs and ABA based on several lines of evidence.

First, Glbs are able to modulate ABA responses by their

ability to scavenge NO generated upon ABA application in

leaf cells and, particularly, in stomata, but also because

overexpression of AtGlb1 results in constitutively

enhanced expression levels of the ABA-responsive genes

RAB18, RD29A and HAI2. In Arabidopsis, expression of

RAB18 is a well-known marker for ABA-specific gene

induction (Bhaskara et al., 2012), and RAB18 and RD29A

are upregulated by ABA (Saez et al., 2006). Much less is

known about the HAI phosphatases and particularly on

HAI2 (also termed AKT1-Interacting PP2C1). Notably, HAI2

and HAI3, but not HAI1, interact strongly with PYL7 of the

PYL/RCAR ABA receptor family (Jeannette et al., 1999). The

constitutive induction of HAI2, but not of HAI1 or HAI3, in

OE1 plants suggests a rather specific interaction of AtGlb1

with the ABA-responsive pathway. The interaction between

Glbs and ABA also occurs at the transcriptional level

because ABA strongly induces the expression of class 1

Glbs. Collectively, our data indicate that Glbs are critical to

maintain NO homeostasis and interact with ABA-mediated

processes of plants such as the response to desiccation.

EXPERIMENTAL PROCEDURES

Biological material

Seeds of L. japonicus ecotypes MG-20 (immunolocalization stud-
ies) or Gifu (mutant studies) were gently scarified, surface steril-
ized, placed on 0.5% agar plates at 4°C for 2–3 days, and
germinated at 23°C for 3 days in the dark. Seedlings were trans-
ferred to vermiculite-containing pots, inoculated with Mesorhizo-
bium loti strain R7A, and watered twice a week with B&D nutrient
solution (Bustos-Sanmamed et al., 2011) supplemented with
0.25 mM NH4NO3. Plants were grown in controlled-environment

cabinets for 40 days with a day/night regime of 23°C/21°C,
200 lmol m�2 sec�1, and 16-h photoperiod.

Transgenic homozygous plants of Arabidopsis ecotype Col-0
were produced as described (Hebelstrup et al., 2006, 2008). The
following lines were used: AtGlb1 overexpressing (OE1, 35S:
AtGlb1), AtGlb2 overexpressing (OE2, 35S:AtGlb2), AtGlb1
silenced (SIL1, AtGlb1-RNAi), AtGlb2 knockout (KO2, AtGlb2�/�),
AtGlb1 tagged (35S:AtGlb1-GFP), and AtGlb2 tagged (35S:AtGlb2-
GFP). The AtGlb1 knockout (KO1, AtGlb1�/�) was a kind gift of
Dr Jos�e Le�on (Instituto de Biolog�ıa Molecular y Celular de Plan-
tas, Valencia, Spain). Seeds were surface sterilized and sown on
1/2 MS plates at 4°C for 2–3 days in the dark, and seedlings were
then grown at 23°C in 10 9 10 cm plates (10 seedlings per plate)
in cabinets under the same conditions used for L. japonicus.

Production of recombinant proteins and specific

antibodies

Recombinant LjGlb1-2, LjGlb2 and LjGlb3-2 were purified and
used to produce polyclonal monospecific antibodies (Sainz et al.,
2013). The monospecific IgGs were further cleaned up by pre-ad-
sorption with soluble extracts of Escherichia coli that had been
processed in parallel and that had been eluted from the Ni-affinity
column with 250 mM imidazole. Purified recombinant AtGlb1 and
AtGlb2 were a kind gift of Dr Stefano Bruno, and were produced
as described elsewhere (Bruno et al., 2007).

Immunoblots and immunogold electron microscopy

Proteins were resolved on 12.5% sodium dodecyl sulfate (SDS)
gels and transferred onto polyvinylidene fluoride membranes with
Mini-PROTEAN III and Mini Trans-Blot cells (Bio-Rad, Hercules,
CA, USA), respectively, following conventional protocols. Uniform
protein loading and transfer efficiency were verified by Coomassie
blue staining of gels and Ponceau staining of membranes, respec-
tively. The secondary antibody was a goat anti-rabbit IgG horse-
radish peroxidase conjugate (Sigma, St. Louis, MO, USA).
Immunoreactive proteins were detected by chemiluminescence
using the SuperSignal West Pico kit (Pierce, Thermo Fisher Scien-
tific, Waltham, MA, USA).

For immunogold EM, leaves, roots and nodules were harvested,
cut into small pieces, immediately immersed in fixative solution
(4% paraformaldehyde and 0.5% glutaraldehyde in 50 mM sodium
cacodylate buffer, pH 7.0), and subjected to three cycles of vac-
uum infiltration. Procedures employed for high-pressure freezing
and low-temperature embedding of samples in Lowicryl HM23
resin (Polysciences, Warrington, PA, USA) were as previously
described (Rubio et al., 2009). Ultrathin sections of samples were
collected on pyroxylin-coated Ni-grids and incubated for 1 h in
each antibody diluted 1:5 in blocking/diluting buffer [1% Tween
20, 1% bovine serum albumin (BSA) and 1% normal goat serum
(Sigma) in 50 mM potassium phosphate-buffered saline (pH 7.5)
containing 14 mM sodium azide]. Sections were then incubated in
15-nm gold particles conjugated to protein A (diluted 1:100 in the
same buffer) for 1 h. The immunogold labeled sections were
viewed and digitally photographed using a JEM 1400 transmis-
sion EM (JEOL). As negative controls, serial sections were
immunogold labeled with non-immune serum (diluted 1:5) substi-
tuted for the primary antibodies.

Subcellular localization of AtGlbs in Arabidopsis

cotyledons and leaves

Arabidopsis GFP-tagged lines were examined during seedling
development with a fluorescence stereomicroscope (Leica
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M165FC) using filters (GFP3, excitation 470/40 nm; emission 525/
50 nm) and ET ChlorpLP (excitation 480/40 nm; emission 605 nm).
When needed, the same plant material was examined with a con-
focal microscope (Leica SP8) with the excitation lines at 488 nm
(GFP) and 633 nm (chlorophyll) and detection at 499–535 nm
(GFP) and 650-700 nm (chlorophyll). Images were captured under
identical conditions and analyzed with LAS AF Lite (Leica) soft-
ware.

Subcellular localization of LjGlbs in Arabidopsis leaf

protoplasts

The ORFs of the five LjGlbs were PCR-amplified using gene-speci-
fic primers (Table S1), cloned into the pENTR/D-TOPO vector
(Invitrogen, Thermo Fisher Scientific), and recombined into the
Gateway binary vector pGWB5 (Nakagawa et al., 2007) with LR
Clonase II (Invitrogen). The GFP reporter was placed at the C-ter-
minus of the LjGlbs and protein expression was driven by the 35S
promoter. The plasmids were sequenced to verify that the site of
fusion was in-frame. Mesophyll protoplasts were isolated from
Arabidopsis leaves, and 5 lg plasmid DNA was delivered into pro-
toplasts by the downsized polyethylene glycol-mediated transfec-
tion method (Seidel et al., 2004). Subcellular localization was
visualized using CLSM (Zeiss LSM 780) as indicated previously.

Production of mutated LjGlbs

Site-directed mutagenesis of LjGlb1-1 (C8S, C78S), LjGlb1-2 (C79S),
LjGlb2 (C65S), LjGlb3-1 (C159S, C166S) and LjGlb3-2 (C159S) was
performed by Mutagenex (Hillsborough, NJ, USA). DNA constructs
were entirely sequenced and the amino acid substitutions were ver-
ified by protein sequencing.

Nitric oxide dioxygenase activity of Glbs

To measure NOD activity, Glbs were first converted to the Glb2+O2

form with a trace of dithionite and rapid oxygenation through NAP-
5 mini-columns (GE Healthcare). The NO donors DEA (20 lM) or
GSNO (1 mM) were added to 4 ml of 50 mM potassium phosphate
buffer (pH 7.5) containing 50 lM diethylenetriaminepentaacetic acid.
The solution was kept with gentle shaking at 24°C until the NO con-
centration, measured with an NO selective sensor (ISO-NOP; World
Precision Instruments), became stable (approximately 4 min).
Glb2+O2 (2 lM) was added immediately and the decrease in NO con-
centration was measured. The time between the preparation of
Glb2+O2 and the assay of NOD activity was always < 5 min. The cor-
responding Glb3+ proteins lacked NOD activity and were used as
controls. The NO electrode was calibrated for each set of measure-
ments by following the manufacturer’s instructions.

Protein S-nitrosylation in vitro and in vivo. Biotin switch

and His-tag switch assays

To assess S-nitrosylation of LjGlbs in vitro and AtGlbs in vivo, we
used the biotin switch assay (Jaffrey et al., 2001) with recombi-
nant proteins and leaf extracts. The nitrosylated Cys residues were
identified by using mutant proteins and the His-tag switch assay
(Camerini et al., 2007).

For the biotin switch assay, purified recombinant LjGlbs were
diluted to 1 mg ml�1 in HEN buffer [100 mM HEPES (pH 8.0), 1 mM

EDTA, 0.1 mM neocuproine], incubated with 1 mM GSNO or not
(control) for 1 h at 37°C in the dark, and excess reagents were
removed by acetone precipitation. Free thiols were blocked in
HEN buffer with 100 mM NEM and 2.5% SDS for 1 h at 37°C in the
dark, excess NEM was removed by acetone precipitation, and

proteins were solubilized in HENS buffer (HEN + 1% SDS). The
biotin switch was performed for 1 h at 37°C in the dark in HENS
buffer containing 20 mM ascorbate and 0.25 mg ml�1 HPDP-Biotin
(Pierce). Excess reagents were removed as before and proteins
were resuspended in HENS buffer, separated on 15% SDS gels,
and transferred onto polyvinylidene fluoride membranes. Anti-bi-
otin antibody (Sigma) was used at a dilution of 1:10 000.

For the His-tag switch assay, the free thiols were incubated with
GSNO and derivatized with 100 mM NEM as described for the bio-
tin switch, but replacing biotin by the alkylating peptide I-CH2-
CO-Gly-Arg-Ala-(His)6. After incubation for 1 h at 37°C in the dark,
proteins were dialyzed overnight in 10 mM NH4HCO3. In this
method, trypsinization causes hydrolysis of the peptide, leaving a
Gly-Arg dipeptide bound to the Cys thiol group that can be
detected by MALDI-TOF mass spectrometry.

For the nitrosylation assay of AtGlbs in extracts, Arabidopsis
leaf proteins were extracted in HEN buffer with 0.2% SDS and pro-
tease inhibitors, and subjected to the biotin switch assay (Jaffrey
et al., 2001) as indicated above. Half of the samples were treated
with 1 mM GSNO for 1 h at 37°C prior to the biotin switch. Dry pel-
lets were resuspended in binding buffer consisting of 25 mM

HEPES (pH 7.7), 1 mM EDTA, 100 mM NaCl, 0.8% Triton X-100 and
50 ll of streptavidin-agarose resin (Sigma). Samples were incu-
bated overnight at 4°C and then the agarose beads were washed
10 times with a buffer comprising 25 mM HEPES (pH 7.7), 1 mM

EDTA, 600 mM NaCl and 0.8% Triton X-100. Biotinylated proteins
were eluted by boiling the beads for 10 min in SDS loading buffer
[50 mM Tris-HCl (pH 6.8), 10% glycerol, 1% SDS, 0.01% bromophe-
nol blue, 50 mM DTT]. After centrifugation, proteins were sepa-
rated on 15% SDS gels and transferred to membranes for
immunoblot analyses with LjGlb1-2 and LjGlb2 antibodies.

In vivo localization of nitric oxide production and

scavenging

Seedlings (8 or 9 days old) of Arabidopsis transgenic lines were
incubated with ‘Break-Thru’ S233 (Evonik, Germany) for 1 h in the
light in a growth cabinet. The surfactant was used at a dilution of
2 ll in 20 ml of stomata-opening buffer [10 mM MES, 100 lM
CaCl2, 10 mM KCl, pH 6.0]. The seedlings were washed in buffer
and incubated with 10 lM DAF-2 DA for 1 h in the dark. When nec-
essary, 1 mM cPTIO was included in the buffer along with both the
surfactant and DAF-2 DA. Whole seedlings were mounted on the
slide and the leaves were immediately visualized by CLSM (Leica
SP2) with excitation at 488 nm and detection at 505–530 nm (NO)
and at 670–690 nm (chlorophyll).

Isolation of guard cell protoplasts

A short protocol was used to minimize the lag time between pro-
toplast isolation and RNA extraction (Obulareddy et al., 2013).
Approximately 50 fully expanded leaves of 5-week-old Arabidop-
sis plants were blended using a Waring blender in 100 ml water
for 2 min. The homogenate was filtered through 100 lm nylon
mesh (VWR, Radnor, PA, USA), and the residue was incubated
with 10 ml of 0.7% cellulysin, 0.01% polyvinylpyrrolidone, 0.25%
BSA and 55% basic medium (0.5 mM CaCl2, 0.5 mM MgCl2, 5 mM

MES, 500 mM D-sorbitol) at 25°C with shaking at 100 rpm for
30 min in the dark. The mixture was filtered through 100 lm nylon
mesh. The residue was incubated with 5 ml of 1.5% cellulase,
0.03% pectolyase, 0.25% serum albumin and 55% basic medium
for 1 h at 18°C with shaking at 70 rpm. The mix was filtered
through four layers of 10 lm nylon mesh. The flow-through was
centrifuged at 1000 g for 5 min, the supernatant was discarded,
and the green bands containing the guard cell protoplasts were
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resuspended in 250 ll of 55% basic medium. The protoplasts were
exposed to light (1000 lmol m�2 sec�1) for 2 h, harvested by cen-
trifugation at 1000 g for 5 min, and frozen in liquid nitrogen.

Gene expression analysis

RNA was extracted from plants and guard cell protoplasts using
the RNAqueous isolation kit (Invitrogen) and the Spectrum Plant
Total RNA kit (Sigma), respectively. Total RNA was treated with
On-Column DNase I Digestion Set (Sigma) or DNase I (Roche,
Penzberg, Germany), and cDNA was synthesized with MMLV-RT
(Promega, Madison, WI, USA). qRT-PCR was performed using
iTaq Universal SYBR Green Supermix (Bio-Rad) or SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA, USA). In all
experiments, at least three biological replicates of each sample
type were tested and all qRT-PCR reactions were done with three
technical replicates. The absence of genomic DNA and primer
dimers was confirmed by analysis of RNA and water control sam-
ples, and by examination of dissociation curves. Primers were
designed using Perlprimer (Marshall, 2004). The amplification effi-
ciency for each set of primers was calculated by analysis of stan-
dard curves obtained from serial template dilutions (Pfaffl, 2001).
The sequences and efficiencies of primers are given in Table S2.
To normalize the qRT-PCR data, two reference genes (AtEF1a and
AtAct2A for Arabidopsis; LjUbi and LjeIF4A for L. japonicus) were
used for each experiment. The stability of reference genes was
tested across all the samples. The quantification cycle values (Cq)
of the target genes were converted to relative quantities (RQs),
which were then normalized against the calculated geometric
mean of the two reference gene RQs (Hellemans et al., 2007). The
resulting NRQs were transformed to Cq’ = log2NRQ before statisti-
cal analysis to correct for variance heterogeneity (Rieu and Pow-
ers, 2009). The Cq’ values were used for statistical analysis using
Duncan’s multiple range test (Figure 12b) or Student’s t-test (Fig-
ure 12c). For graphical representation, the Cq’ values of the treat-
ments were normalized with respect to the Cq’ of the control (WT).

Abscisic acid-associated phenotype and abscisic acid

quantification

The dehydration test was carried out as described in the legend of
Figure 12. The ABA content was determined by UPLC coupled to a
Quattro LC triple quadrupole mass spectrometer using internal
standards as described (de Ollas et al., 2015).
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