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Reactive oxygen species (ROS) are produced in the olive reproductive organs as the 
result of intense metabolism. ROS production and pattern of distribution depend on 
the developmental stage, supposedly playing a broad panel of functions, which include 
defense and signaling between pollen and pistil. Among ROS-producing mechanisms, 
plasma membrane NADPH-oxidase activity is being highlighted in plant tissues, and two 
enzymes of this type have been characterized in Arabidopsis thaliana pollen (RbohH 
and RbohJ), playing important roles in pollen physiology. Besides, pollen from different 
species has shown distinct ROS production mechanism and patterns of distribution. In 
the olive reproductive tissues, a significant production of superoxide has been described. 
However, the enzymes responsible for such generation are unknown. Here, we have 
identified an Rboh-type gene (OeRbohH), mainly expressed in olive pollen. OeRbohH 
possesses a high degree of identity with RbohH and RbohJ from Arabidopsis, sharing 
most structural features and motifs. Immunohistochemistry experiments allowed us to 
localize OeRbohH throughout pollen ontogeny as well as during pollen tube elongation. 
Furthermore, the balanced activity of tip-localized OeRbohH during pollen tube growth 
has been shown to be important for normal pollen physiology. This was evidenced by the 
fact that overexpression caused abnormal phenotypes, whereas incubation with specific 
NADPH oxidase inhibitor or gene knockdown lead to impaired ROS production and 
subsequent inhibition of pollen germination and pollen tube growth.

Keywords: NADPH oxidase, NOX, pollen, Rboh, sexual plant reproduction, olive

INTRODUCTION

Pollen–pistil interaction is recognized as a key aspect of sexual plant reproduction. The pollen grains 
must undergo a tightly controlled sequence of physiological events after landing on compatible 
stigmatic papillae. These processes involve the initial pollen rehydration and germination, the pollen 
tube growth through the female tissues, and the final interaction with the embryo sac to eventually 
achieve the double fertilization and generate the progeny. To assure the success of the sexual 
plant reproduction, pollen and the female tissues of the pistil must accomplish an efficient cross 
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talk, which involves a large number of signaling mechanisms. 
Redox regulation and signaling are now proposed as a crucial 
mechanism able to manage different aspects of the sexual plant 
reproduction, where ROS and NO molecules seem to act as 
mediators in such an interchange of information between pollen 
and pistil tissues (Traverso et al., 2013b; Domingos et al., 2015).

NADPH oxidase enzymes are eukaryotic proteins able to 
catalyze the physiological generation of the short-lived superoxide 
radical (O2

•−) throughout membranes (Lambeth, 2004), which is 
rapidly dismutated leading to H2O2 accumulation (Lamb and 
Dixon, 1997). This protein family shares six transmembrane 
central domains, two heme-binding sites, and a long cytoplasmic 
C-terminal end owning FAD- and NADPH-binding domains. 
In addition, Ca2+-binding EF-hand motifs in the N-terminus are 
a distinctive feature of plant NADPH oxidases as well as NOX5 
and DUOX human NADPH oxidases (Bedard et al., 2007). 
In Arabidopsis thaliana, 10 NADPH oxidase homologues are 
encoded (Torres et al., 1998; Dangl and Jones, 2001), which are 
also designed as “respiratory burst oxidase homologs” (Rbohs).

Rbohs play crucial roles in a broad range of responses to 
biotic interaction (pathogenic or symbiotic) as well as in the 
response to different kinds of abiotic stresses and adaptation 
mechanisms. Moreover, Rbohs have been shown to be involved 
in cell growth (diffuse or polarized) and other developmental 
events (Marino et al., 2012). Cell-to-cell communication over 
long distances in plants has also been shown to be mediated by 
Rboh-derived O2

•− (Miller et al., 2009). Among these enzymes, 
Arabidopsis RbohH and RbohJ seem to be specifically expressed 
in pollen and stamens (Sagi and Fluhr, 2006). Moreover, NADPH 
oxidase-produced ROS are detected through pollen tube growth, 
subsequently to pollen rehydration (Speranza et al., 2012) and 
seem to be essential for pollen apical elongation (Potocky et al., 
2007) and then upon fertilization (Kaya et al., 2015).

The activity of plant Rboh proteins has been shown to 
be highly regulated by multiple factors. Diverse studies 
have described specific regulatory mechanism involving the 
N-terminus of these proteins (Suzuki et al., 2011), such as the 
activation by Ca2+ (Takeda et al., 2008) and phosphorylation in 
a synergistic way (Ogasawara et al., 2008; Drerup et al., 2013). 
Also, small GTPases from the Rop family and phosphatidic acid 
(PA) have been shown to stimulate NADPH oxidase production 
of ROS (Ono et al., 2001; Zhang et al., 2009). These regulatory 
interactions have been progressively confirmed for pollen Rbohs 
as well (Potocky et al., 2012; Boisson-Dernier et al., 2013; Kaya et 
al., 2014; Lassig et al., 2014; Jimenez-Quesada et al., 2016).

Recent studies point to RbohH and RbohJ as the source for 
most ROS produced at the pollen tube apex in Arabidopsis, since 
the corresponding double mutant shows defective in vivo and in 
vitro ROS generation (Boisson-Dernier et al., 2013; Kaya et al., 
2014). However, different species seem to show distinct patterns 
for ROS production. Thus, the generation of ROS in lily (Lilium 
formosanum) pollen tubes was previously proposed to have a 
mitochondrial origin, showing an alternative localization in the 
subapical zone, instead of at the tip (Cardenas et al., 2006). In 
the cucumber (Cucumis sativus cv. Marketer) pollen tube, ROS 
are first detected at the tip but progressively become extended 
to the entire tube (Sirova et al., 2011). Superoxide production 

in kiwifruit pollen does not exhibit a clear tip localization 
(Speranza et al., 2012). In the growing pollen tubes of Picea 
meyeri, different ROS sources—mitochondria in the pollen tube 
shank and NADPH oxidase at the apex—are considered (Liu et 
al., 2009). Concerning their subcellular localization, and besides 
the expected occurrence in the plasma membrane associated to 
lipid microdomain (Liu et al., 2009), pollen Rbohs have been also 
localized at the cytoplasm (Lassig et al., 2014). Wide differences 
in timing, developmental patterns, and localization of ROS also 
occur in the stigma of numerous plant species (Zafra et al., 2016).

The study of RbohH/RbohJ double mutants of Arabidopsis 
suggests that RbohH and RbohJ modulate and stabilize 
pollen tube growth and are involved in maintenance of cell-
wall integrity (Boisson-Dernier et al., 2013; Kaya et al., 2014; 
Lassig et al., 2014). Also, the involvement of flavoenzymes 
others than Rbohs in pollen tube growth cannot be excluded 
(Lassig et al., 2014).

Most studies carried out to date in pollen have been performed 
in model plants such as Arabidopsis, tobacco, or lily with a 
variety of results. This raises the question about how NADPH 
oxidase-produced ROS behave in pollen from other species, 
like the agronomically important and allergy relevant species 
Olea europaea L. (olive tree). Olive pollination is preferentially 
allogamous, and this plant shows genotypes with different degrees 
of self-incompatibility (SI), which is likely of the gametophytic 
type, although the precise mechanism underlying this system 
remains unclear (Mookerjee et al., 2005; Díaz et al., 2006; 
Vuletin Selak et al., 2014). Previously, ROS have been involved in 
gametophytic SI systems in Angiosperms (McInnis et al., 2006). 
The production of ROS and NO has also been analyzed in olive 
reproductive tissues along floral development (Zafra et al., 2010). 
However, the biochemical and molecular pathways governing 
and regulating the specific production of superoxide in the 
reproductive tissues of this plant have not been yet determined.

In this paper, we characterize the ROS-producing activity 
in olive pollen. For this purpose, we have cloned an Rboh-type 
gene from olive, designated as OeRbohH. It is mainly expressed 
in pollen, both during the ontogeny and the subsequent 
germination and tube growth. OeRbohH is a plasma membrane 
protein of the pollen tip. The use of specific NADPH oxidase 
inhibitors as well as antisense oligodeoxynucleotides (ODNs) 
to manage gene knockdown have demonstrated that OeRbohH 
is probably a tightly regulated protein required for ROS 
production in olive pollen. Furthermore, this ROS-producing 
OeRbohH activity has been revealed to be crucial for olive 
pollen germination and tube growth.

MATERIALS AND METHODS

Plant Material and Growing Conditions
Olea europaea L. plant material was collected from selected 
olive trees of the cultivar “Picual,” located at the Estación 
Experimental del Zaidín (CSIC, Granada, Spain) or from 2-week 
in vitro germinated plantlets from embryos of the same cultivar, 
according to Zienkiewicz et al. (2011a). Olive pollen samples 
were collected during anthesis in large paper bags by vigorously 
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shaking the inflorescences and were sequentially sieved through 
150- and 50-μm mesh nylon filters to eliminate debris. All 
biological samples were immediately used or stored at −80°C. 
Tobacco (Nicotiana tabacum) pollen was collected as previously 
described (Potocky et al., 2003).

Olive pollen in vitro germination was initiated by a pre-
hydration step in a humid chamber at room temperature for 30 
min. Pollen was then transferred to the germination medium 
(10% [w/v] sucrose, 0.03% [w/v] Ca[NO3]2, 0.01% [w/v] KNO3, 
0.02% [w/v] MgSO4, and 0.03% [w/v] boric acid), as described 
previously (M’rani-Alaoui et al., 2002). Pollen was maintained 
at room temperature in the dark, and samples were taken after 
hydration and at different times of germination (5 min; 1, 2, 4, 
6, and 8 h). Germinated and non-germinated pollen grains from 
each sample were separated by filtration through 50-μm and 
20-μm meshes. Tobacco pollen was in vitro germinated according 
to Kost et al. (1998).

The NADPH oxidase inhibitor diphenylene iodonium 
chloride (DPI, Sigma) was added to the germination medium 
when indicated (50 µM final concentration stocked in 2% 
DMSO) either at the beginning of the process (to study 
germination inhibition) or when pollen grain had already 
germinated, that is, at the beginning of third hour of in 
vitro germination (to analyze the effect on the elongation). 
Negative control samples were treated with DMSO, in the same 
proportion (2% v/v). Pollen tube length was measured using 
ImageJ software (http://rsb.info.nih.gov/ij/).

Molecular Biology
Determination of OeRbohH Sequences
Total RNA was obtained from olive mature pollen (untreated 
pollen obtained immediately after anther dehiscence) 
using the RNeasy Plant Total RNA Kit (Qiagen). cDNA was 
synthesized with 1 μg of total RNA, oligo(dT)19 primer and 
M-MLV reverse transcriptase (Fermentas), according to the 
manufacturer’s instructions. Taq (BioTools) or Pfu (Promega) 
polymerases were used for PCR amplification purposes. 
RACE 3’ and 5’ were performed following manufacturer’s 
specifications (SMARTer RACE, Clontech).

Gene Expression Analysis
Semi-quantitative PCRs for gene expression analysis were 
performed using specific primers designed at the 3′-untranslated 
region, with Oe18S as housekeeping gene. The number of cycles 
was optimized for both genes to avoid reactive depletion. For 
quantitative PCR (qPCR), total RNA was reverse transcribed 
using Transcriptor High Fidelity cDNA Synthesis Kit (Roche) 
according to manufacturer’s instruction. Specific primers for 
qPCR were designed using the Primer3 software (http://frodo.
wi.mit.edu/primer3/). Samples were prepared according to 
the LightCycler 480 SYBR Green I Master protocol, and a 
LightCycler 480 Instrument (Roche) was used for quantification. 
Relative gene expression was monitored and quantified after 
normalization with actin expression as the internal control. 
Fold variation over a calibrator was calculated using a method 
with kinetic PCR efficiency correction (Pfaffl, 2001), operating 
the relative expression ratio R = (Etarget)ΔCP target (control−sample)/(Eref)

ΔCP ref (control−sample), where E is the efficiency of target or reference 
amplification, and CP is the cycle number at the target or 
reference detection threshold (crossing point). PCR efficiencies 
were estimated from the calibration curves generated from the 
serial dilution of cDNAs.

Obtaining Upstream Regulatory Sequences
Genomic DNA was obtained using a NucleoSpin Tissue Kit 
(Macherey-Nagel). The upstream regulatory sequences were 
obtained by PCR walking, using an olive genomic DNA library 
generated according to Devic et al. (1997) as the template. Olive 
pollen genomic DNA libraries were generated by digestion with 
restriction enzymes (DraI, EcoRV, PvuII, ScaII, SspI, StuI, and 
HpaI) and ligation of known sequence adaptors in both extremes. 
MBLong polymerase (MOLBIOLAB) was used. A fragment of 
1.8 kb from the start codon of OeRbohH was obtained.

Construction of the OeRbohH Promoter-β-
Glucuronidase (GUS) Fusion
The fragment of 1.8-kb upstream the start codon of OeRbohH 
was amplified with specific primers incorporating a restriction 
site (Supplementary Table 1) to allow cloning into the binary 
vector pBI101.1 (Clontech) at the initiation codon of the 
promoterless GUS gene.

Construction of OeRbohH-GFP and OeRbohH-YFP 
Fusions
YFP fusion proteins were constructed in vectors pWen240 for 
(N-terminal fusion) and pHD32 (C-terminal fusion), under 
the control of the pollen-specific Lat52 promoter. Sequences 
were obtained using the specific forward oligonucleotide 
OeRboh-Ngo-F and the reverse oligonucleotides OeRboh-
Xma-RS or OeRboh-Xma-RNS, to incorporate the appropriate 
restriction site.

Construction of OeRbohH Expression Vector
For open reading frame (ORF) cloning purpose, 2,502-bp-long 
cDNA of OeRbohH was cloned into the expression vector pET51b+ 
expression vector (Novagen). The sequence was amplified using 
the specific forward oligonucleotide OeXbaRbohF and the reverse 
OeSacRbohR, to incorporate in the appropriate restriction site 
(XbaI/SacI).

All primers used in this work are described in Supplemental 
Data, Table S1.

Biochemistry
Protein Extracts
For protein extraction, pollen was powdered in liquid nitrogen 
and re-suspended in extraction buffer [50 mM phosphate buffer 
(pH 7.8), 1mM PMSF] to a proportion of 15 ml solution per 
gram of fresh tissue, and proteins were eluted by stirring for 
2 h at 4°C. After centrifugation at 13,000 ×g for 20min at 4°C, 
the supernatants were filtered through a 0.22-μm mesh and 
used for activity assays and Western blot analysis. The protein 
concentration in each sample was measured following the 
Bradford (1976) method, using the Bio-Rad reagent and bovine 
serum albumin (BSA) as standard.
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Native PAGE and In-Gel NADPH Oxidase Activity 
Assay
Samples prepared as above were loaded into a 7.5% native 
acrylamide gel (80 μg protein per lane) as described by Davis 
and Ornstein (1964). Proteins were separated using a Mini-
PROTEAN II system (Bio-Rad, U.S.A.).

The presence of NADPH-dependent production of O2
•− was 

tested in gels by the NBT (Nitroblue tetrazolium) reduction 
method as previously described (Potocky et al., 2007). The 
gel was incubated in the developing solution [50mM Tris-
HCL (pH 7.4), 0.2mM MgCl2, 1mM CaCl2, 0.5 mg/ml NBT 
(Sigma), and 0.2 mM NADPH (Sigma)] and incubated at RT 
overnight under gentle shaking. The reaction was stopped 
by immersing the gel in distilled water. To test the effects of 
specific inhibitors, DPI (50 μM) and sodium azide (10 mM) 
were added to the developing solution.

In Vitro Expression of OeRbohH in Escherichia coli 
and Rise of an OeRbohH Antibody
Recombinant protein carrying a 10-His tag in N-terminus 
was over-expressed in  Escherichia coli strain BL21 Rosetta 2 
(Novagen) according to Traverso et al. (2013a). An overnight 
pre-inoculum (1ml) was added to LB medium supplemented 
with 50 mg/ml of ampicillin and 34 mg/ml of chloramphenicol 
and incubated at 21–22°C until OD600 of 0.6 was reached. 
Expression was then induced with 0.4 mM isopropylthio-b-
galactoside (IPTG), and cells were incubated for another 12 h. 
Finally, cells were harvested by centrifugation. Crude protein 
extracts corresponding to the disrupted bacteria, both from the 
expression construct and the negative control, were subjected to 
SDS-PAGE analysis. Differential bands were excised, digested 
with trypsin, and subjected to LC-ESI-MS/MS in the proteomic 
facilities of CNB-CSIC (Madrid, Spain). Mass data collected 
were used to search using a local Mascot server (Matrix 
Science, London, UK) against an in-house-generated protein 
database composed of protein sequences of Viridiplantae. 
Carbamidomethylation of cysteine (+57Da) and oxidation of 
methionine (+16Da) were set as variable modifications. Protein 
identification was confirmed using a Mascot’s threshold score 
of identity at a 95% confidence level.

One of the fragments (corresponding to a 35-kDa band) was 
used to immunize hens in order to obtain a polyclonal antibody 
against OeRbohH (Davids Biotechnologie GmbH).

Immunoblotting of OeRbohH
Total protein per sample was loaded on 12% (w/v) polyacrylamide 
gels and electrophoresed using a Mini-PROTEAN 3 apparatus 
(Bio-Rad). After electrophoresis, proteins were electroblotted 
onto a polyvinylidene fluoride (PVDF) membrane in a 
Semi-Dry Transfer Cell (Bio-Rad) at 100V during 1h. For 
immunodetection, membranes were incubated in blocking 
buffer [3% (w/v) milk in Tris-buffered saline (TBS) buffer] at RT 
during 1 h, followed by incubation in primary antibody (anti-
OeRbohH), diluted 1:1,000 in TBS buffer (pH 7.4) containing 
0.1% (v/v) Tween-20 overnight at 4°C under shaking. 
Incubation in secondary antibody (1:2,000 dilution) conjugated 
to Alexa Fluor 488 (Invitrogen) was performed at RT during 1 h 

under agitation. The fluorescent signal was detected in a Pharos 
FX Molecular Imager (Bio-Rad).

Nucleic Acid Transfection
Arabidopsis thaliana Transformation and  
GUS Assays
Binary constructions were introduced into Agrobacterium 
tumefaciens (C58pMP90). Arabidopsis (Arabidopsis thaliana; 
ecotype Columbia) was transfected by the floral dip method 
(Clough and Bent, 1998). T1, T2, and T3 seedlings were selected 
in vitro on Murashige and Skoog medium supplemented with 
1% (w/v) sucrose, 0.8% (w/v) agar, and 30 μg/ml kanamycin 
under a 16-h-light/8-h-dark regime at 22°C. Plants were cultivated 
in soil and under the same conditions as described above. GUS 
histochemical staining was performed according to Jefferson 
et al. (1987).

Biolistic Transformation
Germinated pollen grains from olive and tobacco were 
bombarded with gold particles alternatively coated with two 
different in-frame constructs of OeRbohH and the fluorescent 
yellow protein (YFP either at the amino- or the caboxi-terminus 
of the construct) and with the YFP alone (control), using the 
PDS-1000/He instrument (Bio-Rad) as previously described 
(Traverso et al., 2013a; Potocký et al., 2014).

Design of Antisense Oligodeoxynucleotides (ODNs) 
and Delivery Into Growing Pollen Tubes
OeRbohH sequence was tested for accessibility prediction and 
effective design of antisense ODNs with Soligo software (http://
sfold.wadsworth.org/cgi-bin/soligo.pl). Proposed antisense 
and corresponding sense control ODNs were synthesized with 
phosphorothioate modifications in both the 5′- and 3′ terminus. 
Three antisense/sense ODNs pairs were essayed, and the most 
effective pair was selected (antisense: TAAGCAATCTTCGC 
CTGGTG; sense: CACCAGGCGAAGATTGCTTA). For the 
transfection, ODN-cytofectin complexes were prepared as 
described previously (Moutinho et al., 2001; Bezvoda et al., 
2014) and incorporated to the germination medium. Control 
samples were incubated as described; however, no ODNs 
were used.

Microscopy Analyses
Immunocytochemistry
For immunocytochemistry, fresh anthers at different stages of 
development were prepared as described previously (Zienkiewicz 
et al., 2011b). Germinated pollen samples were fixed, and tube 
walls were digested as described before (Zienkiewicz et al., 
2010). Slides containing semi-thin sections of olive anthers at 
different developmental stages and germinated pollen samples 
were incubated in blocking solution containing 1% (w/v) BSA in 
phosphate buffered saline (PBS) solution (pH 7.2) for 1 h at room 
temperature. OeRbohH was immunodetected by incubation 
of slides overnight at 4°C with the anti-OeRbohH primary Ab 
(diluted 1:10 in blocking solution) followed by an anti-chicken 
IgG-Alexa Fluor 488–conjugated secondary antibody (Ab) 
(Molecular Probes, USA) (diluted 1:100 in blocking solution) for 
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1 h at 37°C. In control sections, the preimmune serum was used. A 
few drops of an anti-fading solution of Citifluor (Sigma-Aldrich) 
were added, and samples were observed with a Zeiss Axioplan 
epifluorescence microscope under blue light irradiation.

Detection of O2
•− Production

Detection of O2
•− production in growing pollen tubes was 

determined by incubation in growth medium containing 1 mg 
ml−1 NBT for 5 min. Negative control experiments were carried 
out the same; however, no NBT was added to the growth 
medium. Inhibition experiments were performed by incubating 
pollen tubes in growth medium containing 50 μM DPI (30 min) 
before NBT staining. Alternatively, the effect of sodium azide 
(10 mM) was also tested. Samples were observed with a Zeiss 
Axioplan microscope under bright field. Quantification of the 
intensity of the dark purple-colored precipitate was performed 
in the pollen tubes through 50 µm along the apical region of 
the pollen tubes starting at the pollen tube apex. Quantification 
was achieved by using the Nikon EZ-C1 viewer (3.30) software, 
selecting the region of interest (ROI) and analyzing pixel 
intensity, which was referred to the area of the ROI, therefore 
calculating the ratio color intensity/area in arbitrary units. 
Both average and standard deviation were calculated after 
measurement of a minimum of 10 images of pollen tubes per 
experiment, along three independent experiments.

Bioinformatic Tools
Protein amino acid sequences were aligned using Clustal 
Omega multiple alignment tool with default parameters 
(McWilliam et al., 2013). Phylogenetic trees were constructed 
with the aid of the software SeaView (Gouy et al., 2010) 
using the maximum likelihood (PhyML) method and 
implementing the most probable amino acid substitution 
model (LG) previously calculated by the ProtTest 2.4 server 
(Darriba et al., 2011). The branch support was estimated by 
bootstrap resampling with 100 replications. OeRbohH motifs 
were predictively analyzed by the software “PredictProtein” 
according to the proteins HsNox2 (Sumimoto, 2008; von 
Lohneysen et al., 2010) and OsRbohB (Oda et al., 2010).

Statistical Analysis
Statistical significance was determined by Kruskal–Wallis one-
way analysis of variance followed by Kruskal–Wallis Multiple-
Comparison Z-Value Test (Dunn’s Test).

RESULTS

OeRbohH Is an Rboh-Type Gene Present 
in the Olive Tree, Which Is Mainly 
Expressed in Pollen
Considering that superoxide (O2

•−) generation in mature pollen 
is described as mainly produced by the physiological activity 
of NADPH oxidases (Potocky et al., 2007); we decided to 
investigate the occurrence of NADPH oxidases in the olive (O. 
europaea L.) tree. For such purpose, we initially obtained the 
sequence of an olive Rboh gene expressed in pollen. Several pairs 

of degenerated primers were designed on conserved domains 
identified in other species (Supplemental Data, Figure S1). 
Using primers OeRboh804F and OeRboh2286R, we initially 
sequenced a 300-bp fragment. From this nucleotide sequence, 
two primers were designed and used to obtain the 5’ and 3’UTR 
(untranslated) sequences by RACE (rapid amplification of 
cDNA ends) (OeRbohRW2 and OeRbohFW2, respectively). 
This enabled us to obtain the whole coding sequence (CDS) of 
2,502bp (GenBank KX648357).

The corresponding translated amino acid sequence was 
denominated OeRbohH according to its identity with AtRbohH 
(62.11%), which was higher than that displayed with AtRbohJ 
(60.77%). It also contained all the characteristics structural and 
catalytic motifs to be considered as a plant Rboh (Figures 1A, 
B). Secondary structural motifs and domains were identified in 
silico accordingly to the proteins HsNox2 (Sumimoto, 2008; von 
Lohneysen et al., 2010) and OsRbohB (Oda et al., 2010), and the 
predictive software “PredictProtein.” Thus, OeRbohH enzyme 
was predicted to contain six α-helix transmembrane domains—
which included the conserved heme-coordinating His residues—
together with two terminal cytosolic extensions. The C-terminus 
contained four sites for NADPH binding and two sites for FAD 
binding, and the N-terminal end was predicted to contain two 
EF-hand Ca2+-binding motifs (Figures 1A, B).

Moreover, a phylogenetic analysis among OeRbohH and 
other available plant Rboh sequences showed OeRbohH 
clustered in a subgroup containing the pollen specific Rbohs 
from A. thaliana and tobacco (Figure 1C), which are the unique 
pollen-specific Rbohs identified so far (Potocky et al., 2007; 
Boisson-Dernier et al., 2013). In addition, primers OeRbohF 
and OeRbohR were designed and used to amplify the genomic 
sequence (GenBank KX648358) corresponding to the whole 
ORF (4,025 bp). Alignment between the obtained genomic 
sequence and the corresponding ORF allowed us to identify 
13 introns (Supplemental Data, Figure S2) whose positions 
relative to the ORF were conserved within the plant Rboh family 
(Supplemental Data, Figure S3).

With the purpose of studying gene expression pattern 
of OeRbohH, a pair of primers was designed in the 3’UTR 
region of OeRbohH, and cDNAs from different vegetative 
and reproductive organs were synthesized to be used as 
template. Semiquantitative PCRs were carried out in a first 
approach, and OeRbohH expression was almost exclusively 
detected in flowers (Figure 2A, see discussion). Within the 
flower, expression was detected in pollen (Figure 2A) and 
not in the gynoecium.

We also measured the gene expression level of OeRbohH 
throughout pollen ontogeny by using cDNA from anthers 
at different stages. OeRbohH was expressed both during 
microsporogenesis (pollen mother cells to the tetrad stage) and 
microgametogenesis (Figure 2A). Evidently, this result does not 
allow us to discriminate whether the expression of OeRbohH in 
the anther takes place in the sporophytic or the gametophytic 
tissues. In addition, taking into account that pollen Rbohs has 
been suggested to be involved in pollen tube growth (Kaya 
et  al., 2014; Lassig et al., 2014); qPCR analysis was performed 
in the course of pollen in vitro germination. Variations of gene 
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expression at these stages would differently involve OeRbohH in 
different aspects of pollen physiology. However, the expression 
level of OeRbohH during pollen tube growth was rather stable, 
with a relative, although not statistically, significant peak of 
expression at 1 h of in vitro germination (Figure 2B).

In order to improve our knowledge about OeRbohH, we 
also decided to analyze the expression pattern of the reporter 
gene β-glucuronidase (GUS; UidA) under the control of a 
1.8-Kb fragment from the upstream regulatory sequences of 
OeRbohH in Arabidopsis thaliana transgenic lines. However, 

FIGURE 2 | (A) OeRbohH expression analysis using semiquantitative PCR of seedling and tree tissues (upper panel), floral tissues (medium panel), and pollen 
ontogeny (lower panel). (B) mRNA levels of OeRboh determined by real-time PCR in pollen along in vitro germination, expressed as percentages compared to the 
mRNA level of the mature pollen (100%). Averages of three biological replicates ± SD are presented. No significant differences were found. ANOVA test (p < 0.05).

FIGURE 1 | (A) Amino acid sequence alignment and predicted motifs of OeRbohH, AtRbohH, AtRbohJ, and NtNOX. Conserved residues are highlighted in red. 
The blue boxes indicate the predicted calcium-binding domains (2). Predicted transmembrane domains (6) are boxed in green, including the conserved heme-
coordinating histidine residues (4) highlighted with black circles. The predicted FAD-binding sites are marked with purple boxes (2). Predicted sites for NADPH 
binding (4) are indicated with red boxes. (B) Analogous color coding was used to show domains/motifs in a simplified diagram of OeRbohH. (C) Phylogenetic 
relationships of the 10 NADPH oxidase proteins from Arabidopsis (AtRbohA-J), together with olive pollen OeRbohH and a partial tobacco pollen sequence Rboh 
NtNOX. The tree was constructed by the maximum likelihood (ML) from Clustal Omega multiple alignment and rooted with human NOX isoform HsNOX5. Numbers 
at nodes indicate bootstrap values. The circle marks the putative pollen-Rboh subgroup.

https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org


NADPH Oxidase Activity in Olive PollenJimenez-Quesada et al.

7 September 2019 | Volume 10 | Article 1149Frontiers in Plant Science | www.frontiersin.org

in these lines, we were unable to detect UidA expression 
(data not shown), which is in good agreement with the low 
expression level found during the semi-quantitative analyses 
(see discussion).

Bacterial Expression of OeRbohH and 
Determination of the Specificity of the 
Risen Antibody
In vitro expression of OeRbohH in E. coli as a recombinant protein 
tagged with a multiple His was monitored by SDS-PAGE. The E. 
coli strain expressed OeRbohH efficiently, although the extracts 
of the induced cultures displayed three differential bands of c.a. 
100, 80, and 35 kDa in the insoluble fraction, the latter showing 
reactivity to an anti-His Tag antibody in further Western blotting 
experiments (Supplemental Data, Figure S4, A, B).

The three bands were excised from gels and subjected to mass 
spectrometry (MS) analysis. They were identified by LC-ESI-MS/
MS (liquid chromatography–electroSpray ionization–tandem mass 
spectrometry) as different fragments corresponding to translated 
product of OeRbohH (Supplemental Data, Table S2). Fragment 3 
was used to obtain the antibody (see material and methods).

The binding specificity of the anti-OeRbohH antibody 
developed in hen was tested by immunoblotting (Supplemental 
Data, Figure S4, C). The antibody recognizes a single band in 
the membranes resulting from the transference of native gels 
with electrophoresed extracts of both mature pollen and pollen 
during in vitro germination. These bands were coincident in 
electrophoretic mobility with the activity bands revealed by 
in-gel NADPH oxidase activity assay (Supplemental Data, 
Figure S4, D).

Using this anti-OeRbohH antibody, we performed the 
immunoanalysis to investigate the protein expression during 
pollen ontogeny and in vitro pollen germination (Figure 3A). 
One band was detected in all of the developmental stages 
analyzed, although cross-reactivity with other Rboh isoforms 
expressed in anthers could not be rejected. We then probed 
pollen protein extracts at different times after the onset of the 
in vitro germination, and a single band was detected during 
the process (Figure 3B).

OeRbohH Protein Localizes in Both 
the Developing Pollen Grains and the 
Sporophytic Tissues of the Anther
Immunohistochemical experiments were performed to 
localize OeRBOH in situ along pollen ontogeny. OeRbohH 
antibody signals were evident not only in the developing 
pollen grains but also in some cell types from the sporophytic 
surrounding tissues (Figure 4).

Young anthers containing pollen mother cells were barely 
labeled (Figure 4A). Anti-OeRbohH labeling was detected during 
microsporogenesis at spots placed in the vicinity of the plasma 
membrane within the tetrad. In addition, signal was likewise 
detected in a low level in both the anther wall layers (Figure 
4B). These anther tissues showed a more evident OeRbohH 
labeling after microspore release (Figure 4C). OeRbohH signal 
was located at the plasma membrane of young free microspores 

(Figure 4C, magnification) and vacuolated microspores which 
were also labeled intracellularly at unidentified spots/rings 
(Figure 4D). The mature pollen grain showed signal at the 
plasma membrane and also at cytoplasmic spots (Figure 4E). 
During pollen maturation, fluorescence was present in both 
the endothecium and the tapetum remnants (Figures 4D, E, 
magnifications). Negative control sections, treated with the 
preimmune serum instead of the anti-OeRbohH antibody, 
showed no relevant fluorescent signal (Figure 4F).

OeRbohH Is a Plasma Membrane Protein 
With Enhanced Activity at the Pollen Tip, 
Whose Activity Must Be Highly Regulated
OeRbohH localization during olive pollen tube growth was 
carried out by immunohistochemistry. In vitro germinated 
pollen displayed enhanced fluorescence at the pollen tube tip 
since tube emergence, and until the tube reaches high lengths 
(Figure 4G–I), in contrast with the samples subjected to the 
control treatment (Figure 4J), which displayed no signal.

We also used an in vivo strategy to analyze the subcellular 
localization of OeRbohH. The fluorescent chimeras 
OeRbohH-YFP or YFP-OeRbohH were transiently expressed 
in growing pollen tubes of a heterologous system (tobacco) by 
biolistic transformation driven by the control of the pollen-
specific Lat52 promoter, whereas olive pollen transformants 
were barely found. Pollen tubes expressing YFP only showed 
homogenous fluorescence signal all-through the pollen 
tube cytoplasm (Figure 5A). Alternatively, growing pollen 
tubes transformed with the YFP-OeRbohH (Figure 5B) or 

FIGURE 3 | OeRbohH protein expression along pollen ontogeny (A) and in 
vitro pollen germination (B). Western blot using the anti-OeRbohH antibody 
(lower panel) was performed after native-PAGE (upper panel).
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OeRbohH-YFP (Figures 5C–F) constructs were preferentially 
labeled at the tip plasma membrane along with signal detected 
in the cytoplasm and the endomembrane system (Figures 
5B, C), as it has been previously reported in Arabidopsis 
pollen (Boisson-Dernier et al., 2013; Lassig et al., 2014). 
Accumulation of fluorescence also occurred at the proximal 
boundary of the callose plugs (referred to the pollen grain) 
in the OeRbohH-YFP transformed pollen tubes (Figure 5D). 
Several morphological alterations, i.e., accumulations in the 
endomembrane system and presence of accumulation spots 
(Figures 5E, F), suggest a physiological unbalance due to 
an excess of OeRbohH in the transformants. Furthermore, 
pollen tube elongation was reduced in the transformant grains 
(Figure 5G).

OeRbohH is an Rboh-type protein from olive, which localizes 
to the plasma membrane and endomembranes in the growing 

pollen tube tip and whose over-expression affects pollen tube 
integrity and physiological growth.

Oxidative Burst in the Olive Pollen Tube 
Tip Depends Mainly on NADPH Oxidase 
Activity
To provide empirical evidence supporting the involvement of 
NADPH oxidase activities during the germination of olive pollen, as 
it has been previously proposed for model plants such as Arabidopsis 
or tobacco (Potocky et al., 2007; Boisson-Dernier et al., 2013), a 
set of experiments were carried out during olive pollen in vitro 
germination. The short-lived superoxide radical was preferentially 
produced at the tip of the growing pollen tube as it was revealed by 
the NBT staining (Figures 6A, B, D). Occasionally, the cytoplasm 
in the proximity of the proximal end of the callose plugs (referred to 
the pollen grain) was also labeled (Figures 6C, D).

FIGURE 4 | Fluorescence microscopy localization of OeRbohH in the olive anther and in vitro germinated pollen grains. Sections from olive anthers at the following 
stages: pollen mother cells prior to meiosis (A), tetrads (B), young microspores (C), vacuolated microspores (D), and mature pollen (E) were incubated with an 
anti-OeRbohH Ab, followed by an anti-chicken IgG-Alexa Fluor 488–conjugated secondary Ab. In insets, detailed view of gametophytic tissue is shown in B-E. 
Right insets in D and E show a detailed view of the sporophytic tissues of the anther. Negative control sections (anthers at the tetrad stage) were treated with the 
preimmune serum (F). In vitro germinated pollen grains were also used for fluorescence microscopy localization of OeRbohH. Recently emerged pollen tube showed 
intense labeling at the pollen tube tip (G, arrow). Elongated pollen tubes also showed intense labeling at the tip (H, arrow). High magnification of the pollen tube apex 
after immunolocalization of OeRbohH (I). The protein accumulates at the very tip, although it can be also weakly localized at the plasma membrane (arrowheads). 
Negative control (using the preimmune serum as the primary antibody) did not show labeling (J). Note the autofluorescence of the exine. En, endothecium; Ep, 
epidermis; IC, intermediate cells; Mi, microspore; MP, mature pollen grain; T, tapetum; Te, tetrad; YP, young pollen. Bar = 20µm. Boundaries of the anther layers and 
the pollen grain/pollen tube contour are shown for reference in several pictures (A, F, H, J).

https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org


NADPH Oxidase Activity in Olive PollenJimenez-Quesada et al.

9 September 2019 | Volume 10 | Article 1149Frontiers in Plant Science | www.frontiersin.org

In addition, with the aim of determining the physiological 
role of NADPH oxidases in germination and pollen tube growth, 
the NOX inhibitor DPI, which has been shown to inhibit both 
mammalian and plant oxidases (Frahry and Schopfer, 1998; 
Chen et al., 2013; Altenhöfer et al., 2015), was added to the 
germination medium. Such addition led to a dramatic reduction 
in the staining due to superoxide radical. In order to discriminate 
between NADPH oxidase and peroxidase activities as O2

•− 
sources (Carter et al., 2007), we assayed the sensitivity of the 
staining to sodium azide, which has been described to inhibit 
different peroxidases (Ortiz de Montellano et al., 1988; Tuisel et 
al., 1991; Gabison et al., 2014). In this case, no inhibition of the 
staining was detected (Figure 6E). Likewise, germination ratio 
was 4-fold reduced when the samples were treated with DPI at 
the very beginning of the in vitro germination process (Figure 7). 
NADPH oxidase activity resulted equally critical for pollen tube 
growth as tube length effectively decreased when the inhibitor 
was added during the in vitro germination process (Figure 7). 
In agreement with the results described above, NADPH oxidase 
enzymatic activity observed after native PAGE (Figures 8A, C) 
experienced some decrease upon pollen hydration and then 
was progressively enhanced throughout olive pollen in vitro 
germination when compared to the mature pollen grain. The DPI 
addition inhibited this activity, while the in-gel activity was not 
affected by azide (Figures 8B, D).

We also carried out olive pollen transfections with specific 
sense/antisense ODNs corresponding to the OeRbohH ORF 
sequence. Although a slight difference in pollen tube length 
average was observed when germinated pollen grains were 
treated with sense ODNs, this difference was not statistically 
significant. Alternatively, the treatment with antisense ODNs 
produced a relevant and statistically significant reduction in both 
the pollen tube growth and the superoxide production, which 
visualized as a decrease in NBT staining (Figure 9).

DISCUSSION

In this work, we have carried out a complex characterization 
of a superoxide-producing Rboh-homologous protein from 
olive pollen (OeRbohH), which allowed us to identify it as a 
key protein involved in both pollen germination and pollen 
tube growth.

Studies focused on ROS production in pollen from different 
species have revealed that the enzymatic origin of these 
chemicals is controversial, as well as the localization of these 
oxygen metabolism products. In fact, it has been suggested that 
the classically used NOX-inhibitor DPI may cause tube growth 
inhibition not just because it could be affecting NADPH oxidase 
activity but also inhibition of other flavoenzymes (Lassig et al., 
2014). According to this view, the activity of mitochondrial 
NAD(P)H dehydrogenases has been suggested to be involved 
in ROS production in lily (L. formosanum) pollen (Cardenas 
et al., 2006). The presence of different sources of ROS may 
also suggest different localizations of the product. In lily, ROS 
are detected in the subapical region of the pollen tube, a cell 
position also coincidental with most of mitochondria present 

FIGURE 5 | Transient expression of OeRbohH in tobacco pollen tubes 
as YFP fusions, observed by CLSM. (A) YFP construction alone (control) 
showed homogeneous yellow fluorescence throughout the cytoplasm 
of the pollen tube. (B) YFP : OeRbohH and (C–F) OeRbohH : YFP 
transformants showed labeling in the plasma membrane (arrowheads) 
as well as in the cytoplasm without significant differences among both 
constructs. (D) Fluorescence was also observed at the edge of callose 
plugs in their proximal side (referred to the pollen grain). The majority 
of transformed pollen tubes showed accumulation spots (C, E, F) and 
abnormal phenotypes (i.e., swelling) at the tip (E–F), and their growth 
was significantly inhibited after 4h in vitro culture (G). Insets at pictures 
B, C, and D show bright field images of the pollen tubes for reference. 
CP, callose plug; Cy, cytoplasm. *indicates that the mean is significantly 
different from the control at P < 0.05. n = 100 from three independent 
experiments. Bars = 20 µm.
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in this structure. Contrary to that, in tobacco growing pollen 
tubes, ROS are concentrated at the pollen tube tip (Potocky et al., 
2007), and NADPH oxidase has been proposed as the source 
for superoxide. Moreover, in Arabidopsis pollen, and although 
NADPH oxidase-produced ROS were detected at the tip, the 
signal was higher in the shank of the pollen tube (Boisson-
Dernier et al., 2013), and the authors suggested mitochondria 
as well as peroxisomes as the possible origins for these chemical 
species. This dual pollen-ROS source was also suggested in other 
study carried out in P. meyeri (Liu et al., 2009). Furthermore, 
in kiwifruit pollen tube, there is not a clear tip pattern of ROS 
generation (Speranza et al., 2012), whereas in cucumber, ROS 
are detected at the apex during germination onset but in the 
whole tube throughout the progress of the pollen tube growth 
(Sirova et al., 2011). Also, a double localization is proposed 
for pollen specific Rbohs: RbohH and J are both detected in 
the subapical region, but RbohJ was also located in the pollen 
shank (Lassig et al., 2014). Thus, further analyses are needed to 
clarify these potential species-related differences.

We decided to investigate the involvement of Rboh proteins 
in the sexual plant reproduction of the non-model species  

O. europaea L., not only due to its economic importance but 
also considering the proposed link between the ROS produced 
by pollen-intrinsic NADPH oxidase activity and the allergic 
inflammatory response (Bacsi et al., 2005; Dharajiya et al., 
2008). Olive pollen allergy is an especially important disease 
in the case of olive in Mediterranean countries (Liccardi et al., 
1996). This possible pollen NADPH oxidase ability to trigger 
allergy symptoms (Pazmandi et al., 2012) has already been 
suggested for other allergenic pollen grains owning NADPH 
oxidase activity (Boldogh et al., 2005; Wang et al., 2009), 
although disagreeing studies are also found (Shalaby et al., 
2013). OeRbohH must be also considered the first Rboh protein 
involved in sexual plant reproduction characterized in a tree 
(Potocky et al., 2007; Kaya et al., 2014).

One of the first challenges to develop this work was the lack 
of available genomic databases from olive at the time of the onset 
of the study. This fact forced us to identify conserved domains 
from different plant Rbohs to design degenerated primers. 
These included three Rboh sequences, which were decisive for 
such propose. We initially isolated a first coding fragment, and 
then, using a variety of PCR-based methodologies, we were able 

FIGURE 6 | Detection of O2
•− putatively generated by NADPH oxidase activity in pollen tubes. (A) Control sample incubated in growth medium in the absence of 

NBT. (B) NBT precipitate is observed in the pollen tube near the apex and in the proximity of callose plugs. (C) NBT stain remains even in the presence of sodium 
azide, an inhibitor of NADPH peroxidase. (D) Addition of NBT in the presence of DPI, an inhibitor of NADPH oxidases, did not lead to staining. (E) Quantification of 
the precipitate intensity along 50 µm of the apical region of the pollen tubes. Data represent means ± SEM. *indicates that the mean value is significantly different 
from the control at P < 0.001. n = 100 from three independent experiments. Bars = 10 µm. NBT, NBT-treated samples; DPI+NBT, samples treated with NBT and 
DPI; AZIDE+NBT, samples treated with NBT and sodium azide; A.U., arbitrary units.
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to obtain both the coding and the whole genomic sequences 
of a Rboh-homologous protein from olive pollen. According 
to sequence similarity and intron positions, our translated 
protein can be clustered in the subgroup of plant Rboh proteins 
showing preferential expression in pollen grain, where AtRbohJ 
and AtRbohH from A. thaliana and a NtNOX from tobacco are 
included (Potocky et al., 2007; Boisson-Dernier et al., 2013). 
According to this similarity, the olive sequence was also named 
as OeRbohH, due to the high level of identity with pollen 
AtRbohH from A. thaliana. These results will be reviewed after 
the recent release of an olive genome draft (Cruz et al., 2016), 
which allowed retrieving 12 genomic sequences similar to Rboh 
(unpublished results), together with the implementation of an 
improved olive reproductive transcriptome, now underway after 
the generation of new Illumina sequencing reactions and RNA-
Seq analysis. Such new data will allow assessing the possibility 
of other OeRboh genes being expressed in the anther tissues at 
prior stages of pollen development or even at the mature pollen 
grain itself, as the result of the higher reliability and the increased 
number of readings.

Using a PCR-walking approach, we also obtained a fragment 
of 1.8kb from the 5-upstream region of OeRbohH. However, this 
regulatory fragment was not able to yield detectable GUS activity 
in the generated transgenic lines of A. thaliana. Although this 
result was initially intriguing, we thought it was due to a low gene 
level expression of OeRbohH. This suggestion agrees with the 

low-level expression that we found during the PCR quantification 
experiments. According to this fact, it must be mentioned that a 
pollen-specific Rboh promoter analysis was included in a study 
focused on low expressed genes in Arabidopsis (Xiao et al., 
2010). This low expression was also revealed for OsRbohH in 
a previous study (Wong et al., 2007). In addition, several Rboh 
genes from Medicago truncatula were not included in a promoter 
study by GUS fusion approach, because of their very low gene 
expression levels (Marino et al., 2011). We have attempted 
different approaches focused to the detection of low GUS activity 
in order to improve histochemical detection (Rech et al., 2003), 
with identical negative results.

OeRbohH was almost exclusively expressed in pollen and 
anthers. Similarly, Kaya et al. (2014) showed that AtRbohH as 
well as AtRbohJ are specifically expressed in the pollen grain 
and pollen tubes of Arabidopsis flowers. Curiously, we also 
noticed a very low level of expression in seeds and seedling 
roots, which were only observed when a high number of PCR 
cycles were used (not shown).

We have also shown here the occurrence of OeRbohH 
during olive pollen ontogeny. The results are in accordance with 
a previous study where superoxide production was detected in 
the rice anther in a stage-dependent way, with the localization 
restricted to tapetal cells and microspores (Hu et al., 2011). 
These authors detected a low level of superoxide anion 
before meiosis, followed by a noticeable increase during the 

FIGURE 7 | DPI inhibits germination and pollen tube elongation. Control sample (A). When the NADPH oxidase inhibitor was added at the beginning of the process, 
the in vitro germination percentage was affected (B). When the inhibitor was added during the germination, the length of the pollen tube was affected (C) in both 
cases when compared to the control. Representative pictures from three independent experiments are shown. Quantification of the germination rate (D) and pollen 
tube lengths (E). Data represent means ± SEM. n = 100. *indicates that the mean is significantly different from the control at P < 0.05. Bars = 100 µm.
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formation of the tetrads (anther developmental stage 8), and 
especially when the free microspores were released (stage 9). 
The following stages showed again a low amount of superoxide, 
until the rise of mature pollen (stage 12), exhibiting increased 
superoxide content once again. This pattern is in line with our 
results regarding superoxide localization (Zafra et al., 2010) in 
the olive anthers through flower development and indirectly 
supports our findings concerning OeRbohH gene expression 
and immunohistochemistry.

OeRbohH immunolocalization during pollen ontogeny is 
in good agreement with the results obtained by PCR. However, 
we cannot exclude that the signal may also correspond to cross-
reaction with other Rboh proteins present in gametophytic 
and/or sporophytic germlines. In fact, the importance of 
the Rboh homologous RbohE in the tapetal programmed 

cell death to proper pollen development has been recently 
highlighted (Xie et al., 2014).

In addition, different transcriptomic data also indicated 
that AtRbohH and AtRbohJ increased their expression levels 
throughout the microgametogenesis, mainly after the second 
pollen mitosis originating tricellular pollen (Honys and Twell, 
2004). According to our results, the present work would be the 
first evidence about the presence of pollen RbohH proteins during 
pollen ontogeny in both the gametophytic and sporophytic 
tissues of the anther.

The presence of transmembrane domains as well as the 
protein size initially represented a challenge for the recombinant 
expression of OeRbohH and the subsequent purification 
process. A recombinant Rboh-type protein from Arabidopsis 
was successfully obtained by Zhang et al. (2009), and we were 

FIGURE 8 | (A) In gel NADPH oxidase activity of mature (MP), hydrated (H), and germinated pollen extracts at different times (1, 4, 8, and 12 h) fractionated by 
native PAGE (50 µg/lane). (B) In mature pollen, the activity revealed by NBT was challenged by the addition of sodium azide or DPI during the incubation. (C, D) 
Densitometry quantification of NADPH oxidase activity as in (A) and (B), respectively. *indicates that the mean from three independent experiments is significantly 
different from the control (mature pollen) at P < 0.05.
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encouraged to carry out a similar approach. However, the 
obtained results were different, as RbohH was in vivo digested 
by the host (E. coli) during the recombinant expression, yielding 
three protein fragments mainly identified in the non-soluble 
protein fraction. This fact was used (after band identifications) 
to obtain a polyclonal antibody, which ultimately helped us to 
obtain several important results and conclusions.

Using the polyclonal antibody anti-OeRbohH as well as 
the YFP fusions, we have shown the occurrence of RbohH 
in plasma membrane, as it has previously been described 
for other Rboh isoforms (Keller et al., 1998; Sagi and Fluhr, 
2001; Wong et al., 2007; Takeda et al., 2008) and for AtRbohH 
and J (Boisson-Dernier et al., 2013; Kaya et al., 2014). YFP 
fluorescence was detected at the plasma membrane and also 
intracellularly in the endomembrane system with analogous 
pattern for both constructs, suggesting that the position of the 
tag does not affect fusion protein localization. Together with the 
plasma membrane localization, the isoform RbohF is associated 
with internal membranes (Drerup et al., 2013). Intracellular 
presence of NtRbohD was also reported in the form of what the 
authors (Noirot et al., 2014) called rings (identified as Golgi) 
and dots (suggested to be exocytic compartment). In addition, 
Lassig et al. (2014) localized Arabidopsis pollen Rbohs also at 
the cytoplasm. Previous Western blotting assays of Rbohs after 
membrane fractionation drove to a weak signal in internal 
membrane fractions, which was considered a contamination by 
the authors (Heyno et al., 2008). In mammals, NOX2 was found 
at the plasma membrane as well as in endosomes, and NOX4 

was described to accumulate in intracellular membranes, 
the endoplasmic reticulum, and the nuclear compartment 
(Ushio-Fukai, 2006). However, the presence of NADPH 
oxidases associated with endomembrane system is not as well 
documented in plant as in animals.

Our data indicate a critical role of OeRbohH in the control 
of pollen germination and pollen tube elongation. Initially, 
we detected a decrease of NADPH oxidase activity when olive 
mature pollen became hydrated and this activity then raised 
during the whole process of germination. This activity has been 
suggested to be involved in changes in the mechanical features 
of the pollen cell wall during pollen elongation (Smirnova et al., 
2014). Contrary to the NADPH oxidase activity, no significant 
differences were found in OeRbohH gene expression with a 
relative rise after 1 h of in vitro germination. These steady gene 
expression levels are in good agreement with the data extracted 
from transcriptome analysis previously achieved in Arabidopsis 
pollen in vivo and through semi-in vivo germination, and pollen 
tube growth (Wang et al., 2008; Qin et al., 2009).

The presence and activity of regulatory molecules and networks 
able to modulate OeRbohH activity are likely to be behind the 
differences between enzyme RNA expression and enzyme activity. 
As mentioned before, the production of superoxide by OeRbohH 
and other RbohHs has been demonstrated to be modulated 
by multiple factors including Ca2+ signaling, acidic signaling 
phospholipids, and small GTP-binding proteins from the Rac/
Rop family (Potocky et al., 2012). Moreover, we have evidence of 
OeRbohH regulation by S-nitrosylation events, which may exert 

FIGURE 9 | Transfection of olive pollen tubes with OeRbohH-specific antisense oligodeoxynucleotides (ODNs). The OeRbohH sequence obtained was used to 
design antisense ODNs. Control samples (A, E). Transfection of olive pollen tubes with such antisense ODNs resulted in pollen tube growth inhibition (B) as well as 
in a reduction of the production of tip-localized O2

•− (F) when compared with the control samples or the sense ODNs (C, G). Quantification of pollen tube lengths 
(D) and precipitate intensity (H). Data represent means ± SEM; n = 300. *indicates that the mean value is significantly different from the control at P < 0.05. Bars in 
upper panel = 100 µm. Bars in bottom panel = 10 µm.
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changes in its function (Jimenez-Quesada et al., 2017a; Jimenez-
Quesada et al., 2017b). Such PTM is highly dependent on the 
levels of NO (GSNO) (Corpas et al., 2013), which are critically 
acting on olive pollen germination physiology (Jimenez-Quesada 
et al., 2017a; Jimenez-Quesada et al., 2017b).

We established a link between RbohH-produced 
superoxide and pollen tube growth using specific antisense 
ODNs and DPI, indicating a key role of RbohH in pollen 
physiology. NADPH oxidase inhibitor DPI was able to prevent 
olive pollen germination and superoxide production. This 
is in agreement with previous results described in tobacco 
(Potocky et al., 2007), although it does not take place in 
cucumber, where the NADPH oxidase inhibitor was, on the 
contrary, able to promote the germination (Sirova et al., 2011). 
During olive pollen tube growth, we detected superoxide at 
the tip, with a minor fraction of tubes lacking the NBT stain 
(about 20% of them), as it has been previously noted also in 
tobacco pollen tubes (Potocky et al., 2007). The occurrence 
of NBT staining close to the callose plugs, and in their 
proximal side only (as referred to the pollen grain), which 
is described here for the first time, occurred in a significant 
proportion of such structures. Different explanations for 
this localization can be proposed. First of all, NBT staining 
might be the result of superoxide accumulation rather than 
indicative of superoxide production, as the result of the 
physical impediment of superoxide transit caused by the 
callose plugs. Callose synthases have been localized in close 
proximity to these structures, taking part in their synthesis 
(Cai et al., 2011). Also, it has been suggested that the activity 
of callose synthases is enhanced by GTPases like RabA4c, at 
least during pathogen-induced callose biosynthesis (Ellinger 
et al., 2014). Because GTPases (at least small GTPases) 
have been also proposed to induce positively the activity of 
Rbohs (Potocky et al., 2012), an accumulation of superoxide 
concomitant to callose synthesis might be foreseen. However, 
these hypotheses have to be further analyzed experimentally. 
Our results may also indicate that both the presence of the 
NADPH oxidase enzyme and likely its activity and consequent 
superoxide accumulation are polarized, as they occur in the 
proximal side of the callose plugs in reference to the pollen 
grain (and in parallel, at the pollen tube tip), likely addressing 
pollen tube metabolism and direction of growth.

Antisense ODN knockdown strategy inhibited both 
superoxide production and olive pollen tube growth, as it 
occurred with the NADPH oxidase inhibitor, indicating a key 
role of RbohH in such processes. These observations support the 
hypothesis of OeRbohH as the main responsible of the NADPH 
oxidase activities and signals found in all previous experiments, 
and the most important source of O2

•− during olive pollen 
germination and tube growth. However, we cannot reject the 
hypothesis of other flavoenzymes also prone to inhibition by 
DPI, which might be involved in pollen tube growth. This idea 
is consistent with the proposal of mitochondria or peroxisomes 
as ROS sources in other pollen species (Cardenas et al., 2006; 
Boisson-Dernier et al., 2013).

The idea of RbohH as a mere pollen tube growth promoter 
is incomplete according to our opinion, considering that the 

over-expression analysis was able to produce plasma membrane 
invaginations and abnormal pollen tubes and, finally, tube 
growth prevention. Furthermore, onion cells expressing the 
GFP-RbohH fusion were severely disturbed, probably due to the 
toxic effect of the protein (data not shown). Alterations of pollen 
tube tip integrity by pollen-Rboh over-expression have been 
recently reported and connected to over accumulation of cell-
wall material (Boisson-Dernier et al., 2013). Altogether, our data 
are consistent with the idea of RbohH as source of ROS in olive 
growing pollen tube, and as a key element in controlling tube 
expansion, interacting with a plethora or other numerous factors, 
including cGMP, Ca2+, ions, and the multitasked signaling gas 
nitric oxide (Domingos et al., 2015).

DATA AVAILABILITY

The datasets generated for this study can be found in GenBank 
and ReprOlive database (http://reprolive.eez.csic.es/olivodb/), 
GenBank KX648357.

AUTHOR CONTRIBUTIONS

JA, VŽ, and MJ-Q designed the work. JA, MJ-Q, JT, and MP 
performed most of the experimental contributions and data 
acquisition. JA, VŽ, and MP implemented interpretation of the 
results and critical review and reprogramming of experiments. 
All authors contributed to drafting the work, revised the final 
manuscript and approved submission.

FUNDING

This study was supported by the following European Regional 
Development Fund (ERDF) co-funded grants: BFU2011-22779, 
BFU2016-77243-P, CSIC 201840E055 and RTC-2017-6654-2, 
the Ministry of Education, Youth and Sports of CR from ERDF-
Project "Centre for Experimental Plant Biology": No. CZ.02.1.0
1/0.0/0.0/16_019/0000738, Czech Science Foundation GACR 
18-18290J, and by a bilateral research agreement between the 
Spanish National Research Council (CSIC) and the Academy of 
Sciences of the Czech Republic (AVCR), Ref. 2010CZ0001.

ACKNOWLEDGMENTS

The authors thank Dr. AJ Castro and Dr. JC Jimenez-Lopez 
(EEZ-CSIC, Granada, Spain) for critical comments about the 
manuscript and advice, and Dr. Lima-Cabello for providing 
germinated pollen.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.01149/
full#supplementary-material

https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
http://reprolive.eez.csic.es/olivodb/
https://www.frontiersin.org/articles/10.3389/fpls.2019.01149/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.01149/full#supplementary-material


NADPH Oxidase Activity in Olive PollenJimenez-Quesada et al.

15 September 2019 | Volume 10 | Article 1149Frontiers in Plant Science | www.frontiersin.org

REFERENCES

Altenhöfer, S., Radermacher, K. A., Kleikers, P. W. M., Wingler, K., and Schmidt, 
H. H. H. W. (2015). Evolution of NADPH oxidase inhibitors: selectivity and 
mechanisms for target engagement. Antioxid. Redox Signaling 23, 5. doi: 
10.1089/ars.2013.5814

Bacsi, A., Dharajiya, N., Choudhury, B. K., Sur, S., and Boldogh, I. (2005). Effect 
of pollen-mediated oxidative stress on immediate hypersensitivity reactions 
and late-phase inflammation in allergic conjunctivitis. J. Allergy Clin. Immunol. 
116, 836–843. doi: 10.1016/j.jaci.2005.06.002

Bedard, K., Lardy, B., and Krause, K. H. (2007). NOX family NADPH 
oxidases: not just in mammals. Biochimie 89, 1107–1112. doi: 10.1016/j.
biochi.2007.01.012

Bezvoda, R., Pleskot, R., Zarsky, V., and Potocky, M. (2014). Antisense 
oligodeoxynucleotide-mediated gene knockdown in pollen tubes. Methods 
Mol. Biol. 1080, 231–236. doi: 10.1007/978-1-62703-643-6_19

Boisson-Dernier, A., Lituiev, D. S., Nestorova, A., Franck, C. M., Thirugnanarajah, S., 
and Grossniklaus, U. (2013). ANXUR receptor-like kinases coordinate cell wall 
integrity with growth at the pollen tube tip via NADPH oxidases. PLoS Biol. 11, 
e1001719. doi: 10.1371/journal.pbio.1001719

Boldogh, I., Bacsi, A., Choudhury, B. K., Dharajiya, N., Alam, R., Hazra, T. K., 
et al. (2005). ROS generated by pollen NADPH oxidase provide a signal that 
augments antigen-induced allergic airway inflammation. J. Clin. Invest. 115, 
2169–2179. doi: 10.1172/JCI24422

Bradford, M. (1976). A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye 
binding, Anal. Biochem. 72, (1–2), 1976, 248-254, ISSN 0003-2697. doi: 
10.1016/0003-2697(76)90527-3

Cai, G., Faleri, C., Del Casino, C., Emons, A. M., and Cresti, M. (2011). Distribution 
of callose synthase, cellulose synthase, and sucrose synthase in tobacco pollen 
tube is controlled in dissimilar ways by actin filaments and microtubules. Plant 
Physiol. 155, 1169–1190. doi: 10.1104/pp.110.171371

Cardenas, L., McKenna, S. T., Kunkel, J. G., and Hepler, P. K. (2006). NAD(P)H 
oscillates in pollen tubes and is correlated with tip growth. Plant Physiol. 142, 
1460–1468. doi: 10.1104/pp.106.087882

Carter, C., Healy, R., O’Tool, N. M., Naqvi, S. M., Ren, G., Park, S., et al. (2007). 
Tobacco nectaries express a novel NADPH oxidase implicated in the defense 
of floral reproductive tissues against microorganisms. Plant Physiol. 143, 389–
399. doi: 10.1104/pp.106.089326

Chen, H. J., Huang, C. S., Huang, G. J., Chow, T. J., and Lin, Y. H. (2013). NADPH 
oxidase inhibitor diphenyleneiodonium and reduced glutathione mitigate 
ethephon-mediated leaf senescence, H2O2 elevation and senescence-associated 
gene expression in sweet potato (Ipomoea batatas). J. Plant Physiol. 170, 1471–
1483. doi: 10.1016/j.jplph.2013.05.015

Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for 
Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16, 
735–743. doi: 10.1046/j.1365-313x.1998.00343.x

Corpas, F. J., Alché, J. D., and Barroso, J. B. (2013). Current overview of 
S-nitrosoglutathione (GSNO) in higher plants. Front. Plant Sci. 4, 126. doi: 
10.3389/fpls.2013.00126

Cruz, F., Julca, I., Gómez-Garrido, J., Loska, D., Marcet-Houben, M., Cano, E., 
et al. (2016). Genome sequence of the olive tree, Olea europaea. GigaScience 5, 
29. doi: 10.1186/s13742-016-0134-5

Dangl, J. L., and Jones, J. D. (2001). Plant pathogens and integrated defence 
responses to infection. Nature 411, 826–833. doi: 10.1038/35081161

Darriba, D., Taboada, G. L., Doallo, R., and Posada, D. (2011). ProtTest 3: fast 
selection of best-fit models of protein evolution. Bioinformatics. 2011 Apr 15; 
27(8): 1164–1165. doi: 10.1093/bioinformatics/btr088

Davis, B. J., and Ornstein, L. (1964). “Disc Electrophoresis 1. Background and 
Theory,” Ann. N. Y. Acad. Sci. 121, 321–349.

Devic, M., Albert, S., Delseny, M., and Roscoe, T. J. (1997). Efficient PCR walking 
on plant genomic DNA. Plant Physiol. Biochem. (Paris) 35, 331–339. 

Dharajiya, N., Boldogh, I., Cardenas, V., and Sur, S. (2008). Role of pollen NAD(P)
H oxidase in allergic inflammation. Curr. Opin. Allergy Clin. Immunol. 8, 
57–62. doi: 10.1097/ACI.0b013e3282f3b5dc

Díaz, A., Martín, A., Rallo, P., Barranco, D., and De la Rosa, R. (2006). Self-
incompatibility of arbequina and picual olive assessed by SSR markers. J. Am. 
Soc. Hortic. Sci. 131, 250–255. doi: 10.21273/JASHS.131.2.250

Domingos, P., Prado, A. M., Wong, A., Gehring, C., and Feijo, J. A. (2015). 
Nitric oxide: a multitasked signaling gas in plants. Mol. Plant 8, 506–520. doi: 
10.1016/j.molp.2014.12.010

Drerup, M. M., Schlucking, K., Hashimoto, K., Manishankar, P., Steinhorst, L., 
Kuchitsu, K., et al. (2013). The calcineurin B-like calcium sensors CBL1 and 
CBL9 together with their interacting protein kinase CIPK26 regulate the 
Arabidopsis NADPH oxidase RBOHF. Mol. Plant 6, 559–569. doi: 10.1093/mp/
sst009

Ellinger, D., Glöckner, A., Koch, J., Naumann, M., Stürtz, V., Schütt, K., et al. (2014). 
Interaction of the Arabidopsis GTPase RabA4c with its effector PMR4 results in 
complete penetration resistance to powdery mildew. The Plant Cell Online. 2014 
Jul; 26(7): 3185–3200. doi: 10.1105/tpc.114.127779

Frahry, G., and Schopfer, P. (1998). Inhibition of O2-reducing activity of 
horseradish peroxidase by diphenyleneiodonium. Phytochemistry 48, 223–227. 
doi: 10.1016/S0031-9422(98)00004-1

Gabison, L., Colloc’h, N., and Prangé, T. (2014). Azide inhibition of urate oxidase. 
Acta Cryst. 70, 896–902. doi: 10.1107/S2053230X14011753

Gouy, M., Guindon, S., and Gascuel, O. (2010). SeaView Version 4: a multiplatform 
graphical user interface for sequence alignment and phylogenetic tree building. 
Mol. Biol. Evol. 27, 221–224. doi: 10.1093/molbev/msp259

Heyno, E., Klose, C., and Krieger-Liszkay, A. (2008). Origin of cadmium-
induced reactive oxygen species production: mitochondrial electron transfer 
versus plasma membrane NADPH oxidase. New Phytol. 179, 687–699. doi: 
10.1111/j.1469-8137.2008.02512.x

Honys, D., and Twell, D. (2004). Transcriptome analysis of haploid male 
gametophyte development in Arabidopsis. Genome Biol. 5, R85. doi: 10.1186/
gb-2004-5-11-r85

Hu, L., Liang, W., Yin, C., Cui, X., Zong, J., Wang, X., et al. (2011). Rice MADS3 
regulates ROS homeostasis during late anther development. Plant Cell 23, 515–
533. doi: 10.1105/tpc.110.074369

Jefferson, R. A., Kavanagh, T. A., and Bevan, M. W. (1987). GUS fusions: beta-
glucuronidase as a sensitive and versatile gene fusion marker in higher plants. 
EMBO J. 6, 3901–3907. doi: 10.1002/j.1460-2075.1987.tb02730.x

Jimenez-Quesada, M. J., Carmona, R., Lima-Cabello, E., Traverso, J. A., Castro, 
A. J., Claros, M. G., et al. (2017a). Generation of nitric oxide by olive (Olea 
europaea L.) pollen during in vitro germination and assessment of the 
S-nitroso- and nitro-proteomes by computational predictive methods. Nitric 
Oxide Biol. Chem. 68, 23–37. doi: 10.1016/j.niox.2017.06.005

Jimenez-Quesada, M. J., Carmona, R., Lima-Cabello, E., Traverso, J. A., Castro, 
A. J., Claros, M. G., et al. (2017b). S-nitroso- and nitro- proteomes in the 
olive (Olea europaea L.) pollen. Predictive versus experimental data by nano-
LC-MS. Data in Brief 15, 474–477. doi: 10.1016/j.dib.2017.09.058

Jimenez-Quesada, M. J., Traverso, J. A., and Alche, J. D. (2016). NADPH oxidase-
dependent superoxide production in plant reproductive tissues. Front. Plant 
Sci. 7, 359. doi: 10.3389/fpls.2016.00359

Kaya, H., Iwano, M., Takeda, S., Kanaoka, M. M., Kimura, S., Abe, M., et al. 
(2015). Apoplastic ROS production upon pollination by RbohH and RbohJ in 
Arabidopsis. Plant Signal Behav. 10, e989050. doi: 10.4161/15592324.2014.989050

Kaya, H., Nakajima, R., Iwano, M., Kanaoka, M. M., Kimura, S., Takeda, S., et al. 
(2014). Ca2+-activated reactive oxygen species production by Arabidopsis 
RbohH and RbohJ is essential for proper pollen tube tip growth. Plant Cell 26, 
1069–1080. doi: 10.1105/tpc.113.120642

Keller, T., Damude, H. G., Werner, D., Doerner, P., Dixon, R. A., and Lamb, C. 
(1998). A plant homolog of the neutrophil NADPH oxidase gp91phox subunit 
gene encodes a plasma membrane protein with Ca2+ binding motifs. Plant Cell 
10, 255–266. doi: 10.1105/tpc.10.2.255

Kost, B., Spielhofer, P., and Chua, N.-H. (1998). A GFP-mouse talin fusion protein 
labels plant actin filamentsin vivoand visualizes the actin cytoskeleton in growing 
pollen tubes. Plant J. 16, 393–401. doi: 10.1046/j.1365-313x.1998.00304.x

Lamb, C., and Dixon, R. A. (1997). The oxidative burst in plant disease resistance. 
Annu. Rev. Plant Physiol. Plant Mol. Biol. 48, 251–275. doi: 10.1146/annurev.
arplant.48.1.251

Lambeth, J. D. (2004). NOX enzymes and the biology of reactive oxygen. Nat. Rev. 
Immunol. 4, 181–189. doi: 10.1038/nri1312

Lassig, R., Gutermuth, T., Bey, T. D., Konrad, K. R., and Romeis, T. (2014). 
Pollen tube NAD(P)H oxidases act as a speed control to dampen growth rate 
oscillations during polarized cell growth. Plant J. 78, 94–106. doi: 10.1111/
tpj.12452

https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1089/ars.2013.5814
https://doi.org/10.1016/j.jaci.2005.06.002
https://doi.org/10.1016/j.biochi.2007.01.012
https://doi.org/10.1016/j.biochi.2007.01.012
https://doi.org/10.1007/978-1-62703-643-6_19
https://doi.org/10.1371/journal.pbio.1001719
https://doi.org/10.1172/JCI24422
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1104/pp.110.171371
https://doi.org/10.1104/pp.106.087882
https://doi.org/10.1104/pp.106.089326
https://doi.org/10.1016/j.jplph.2013.05.015
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.3389/fpls.2013.00126
https://doi.org/10.1186/s13742-016-0134-5
https://doi.org/10.1038/35081161
https://doi.org/10.1093/bioinformatics/btr088
https://doi.org/10.1097/ACI.0b013e3282f3b5dc
https://doi.org/10.21273/JASHS.131.2.250
https://doi.org/10.1016/j.molp.2014.12.010
https://doi.org/10.1093/mp/sst009
https://doi.org/10.1093/mp/sst009
https://doi.org/10.1105/tpc.114.127779
https://doi.org/10.1016/S0031-9422(98)00004-1
https://doi.org/10.1107/S2053230X14011753
https://doi.org/10.1093/molbev/msp259
https://doi.org/10.1111/j.1469-8137.2008.02512.x
https://doi.org/10.1186/gb-2004-5-11-r85
https://doi.org/10.1186/gb-2004-5-11-r85
https://doi.org/10.1105/tpc.110.074369
https://doi.org/10.1002/j.1460-2075.1987.tb02730.x
https://doi.org/10.1016/j.niox.2017.06.005
https://doi.org/10.1016/j.dib.2017.09.058
https://doi.org/10.3389/fpls.2016.00359
https://doi.org/10.4161/15592324.2014.989050
https://doi.org/10.1105/tpc.113.120642
https://doi.org/10.1105/tpc.10.2.255
https://doi.org/10.1046/j.1365-313x.1998.00304.x
https://doi.org/10.1146/annurev.arplant.48.1.251
https://doi.org/10.1146/annurev.arplant.48.1.251
https://doi.org/10.1038/nri1312
https://doi.org/10.1111/tpj.12452
https://doi.org/10.1111/tpj.12452


NADPH Oxidase Activity in Olive PollenJimenez-Quesada et al.

16 September 2019 | Volume 10 | Article 1149Frontiers in Plant Science | www.frontiersin.org

Liccardi, G., D’Amato, M., and D’Amato, G. (1996). Oleaceae pollinosis: a review. 
Int. Arch. Allergy Immunol. 111, 210–217. doi: 10.1159/000237370

Liu, P., Li, R. L., Zhang, L., Wang, Q. L., Niehaus, K., Baluska, F., et al. (2009). 
Lipid microdomain polarization is required for NADPH oxidase-dependent 
ROS signaling in Picea meyeri pollen tube tip growth. Plant J. 60, 303–313. doi: 
10.1111/j.1365-313X.2009.03955.x

M’rani-Alaoui, M., Castro, A., Alché, J. D., Wang, W., Fernández, M. C., and 
Rodríguez-García, M. I., (2002). Expression of ole E 1, the major olive pollen 
allergen, during in-vitro pollen germination, Acta Hortic. 586, 465–468. doi: 
10.17660/ActaHortic.2002.586.96

Marino, D., Andrio, E., Danchin, E. G., Oger, E., Gucciardo, S., Lambert, A., 
et al. (2011). A Medicago truncatula NADPH oxidase is involved 
in symbiotic nodule functioning. New Phytol. 189, 580–592. doi: 
10.1111/j.1469-8137.2010.03509.x

Marino, D., Dunand, C., Puppo, A., and Pauly, N. (2012). A burst of plant NADPH 
oxidases. Trends Plant Sci. 17, 9–15. doi: 10.1016/j.tplants.2011.10.001

McInnis, S. M., Desikan, R., Hancock, J. T., and Hiscock, S. J. (2006). Production 
of reactive oxygen species and reactive nitrogen species by angiosperm stigmas 
and pollen: potential signalling crosstalk? New Phytol. 172, 221–228. doi: 
10.1111/j.1469-8137.2006.01875.x

McWilliam, H., Li, W., Uludag, M., Squizzato, S., Park, Y. M., Buso, N., et al. 
(2013). Analysis Tool Web Services from the EMBL-EBI. Nucleic Acids Res. 41, 
W597–W600. doi: 10.1093/nar/gkt376

Miller, G., Schlauch, K., Tam, R., Cortes, D., Torres, M. A., Shulaev, V., et al. 
(2009). The plant NADPH oxidase RBOHD mediates rapid systemic 
signaling in response to diverse stimuli. Sci. Signal 2, ra45. doi: 10.1126/
scisignal.2000448

Mookerjee, S., Guerin, J., Collins, G., Ford, C., and Sedgley, M. (2005). Paternity 
analysis using microsatellite markers to identify pollen donors in an olive 
grove. Theor. Appl. Genet. 111, 1174–1182. doi: 10.1007/s00122-005-0049-5

Moutinho, A., Hussey, P. J., Trewavas, A. J., and Malho, R. (2001). cAMP acts as 
a second messenger in pollen tube growth and reorientation. Proc. Natl. Acad. 
Sci. U. S. A. 98, 10481–10486. doi: 10.1073/pnas.171104598

Noirot, E., Der, C., Lherminier, J., Robert, F., Moricova, P., Kieu, K., et al. (2014). 
Dynamic changes in the subcellular distribution of the tobacco ROS-producing 
enzyme RBOHD in response to the oomycete elicitor cryptogein. J. Exp. Bot. 
65, 5011–5022. doi: 10.1093/jxb/eru265

Oda, T., Hashimoto, H., Kuwabara, N., Akashi, S., Hayashi, K., Kojima, C., et al. 
(2010). Structure of the N-terminal regulatory domain of a plant NADPH 
oxidase and its functional implications. J. Biol. Chem. 285, 1435–1445. doi: 
10.1074/jbc.M109.058909

Ogasawara, Y., Kaya, H., Hiraoka, G., Yumoto, F., Kimura, S., Kadota, Y., et al. 
(2008). Synergistic activation of the Arabidopsis NADPH oxidase AtrbohD by 
Ca2+ and phosphorylation. J. Biol. Chem. 283, 8885–8892. doi: 10.1074/jbc.
M708106200

Ono, E., Wong, H. L., Kawasaki, T., Hasegawa, M., Kodama, O., and Shimamoto, K. 
(2001). Essential role of the small GTPase Rac in disease resistance of rice. Proc. 
Natl. Acad. Sci. U. S. A. 98, 759–764. doi: 10.1073/pnas.021273498

Ortiz de Montellano, P. R., David, S. K., Ator, M. A., and Tew, D. (1988). 
Mechanism-based inactivation of horseradish peroxidase by sodium azide. 
Formation of meso-azidoprotoporphyrin IX. Biochemistry 27, 5470–5476. doi: 
10.1021/bi00415a013

Pazmandi, K., Kumar, B. V., Szabo, K., Boldogh, I., Szoor, A., Vereb, G., et al. 
(2012). Ragweed subpollen particles of respirable size activate human dendritic 
cells. PLoS One 7, e52085. doi: 10.1371/journal.pone.0052085

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 29, e45. doi: 10.1093/nar/29.9.e45

Potocky, M., Elias, M., Profotova, B., Novotna, Z., Valentova, O., and Zarsky, V. 
(2003). Phosphatidic acid produced by phospholipase D is required for tobacco 
pollen tube growth. Planta 217, 122–130. 

Potocky, M., Jones, M. A., Bezvoda, R., Smirnoff, N., and Zarsky, V. (2007). 
Reactive oxygen species produced by NADPH oxidase are involved in pollen 
tube growth. New Phytol. 174, 742–751. doi: 10.1111/j.1469-8137.2007.02042.x

Potocky, M., Pejchar, P., Gutkowska, M., Jimenez-Quesada, M. J., Potocka, A., 
Alche Jde, D., et al. (2012). NADPH oxidase activity in pollen tubes is affected 
by calcium ions, signaling phospholipids and Rac/Rop GTPases. J. Plant 
Physiol. 169, 1654–1663. doi: 10.1016/j.jplph.2012.05.014

Potocký, M., Pleskot, R., Pejchar, P., Vitale, N., Kost, B., and Žárský, V. (2014). 
Live-cell imaging of phosphatidic acid dynamics in pollen tubes visualized by 
Spo20p-derived biosensor. New Phytol. 203, 483–494. doi: 10.1111/nph.12814

Qin, Y., Leydon, A. R., Manziello, A., Pandey, R., Mount, D., Denic, S., et al. (2009). 
Penetration of the stigma and style elicits a novel transcriptome in pollen tubes, 
pointing to genes critical for growth in a pistil. PLoS Genet. 5, e1000621. doi: 
10.1371/journal.pgen.1000621

Rech, P., Grima-Pettenati, J., and Jauneau, A. (2003). Fluorescence microscopy: a 
powerful technique to detect low GUS activity in vascular tissues. Plant J. 33, 
205–209. doi: 10.1046/j.1365-313X.2003.016017.x

Sagi, M., and Fluhr, R. (2001). Superoxide production by plant homologues of 
the gp91(phox) NADPH oxidase. Modulation of activity by calcium and by 
tobacco mosaic virus infection. Plant Physiol. 126, 1281–1290. doi: 10.1104/
pp.126.3.1281

Sagi, M., and Fluhr, R. (2006). Production of reactive oxygen species by plant 
NADPH oxidases. Plant Physiol. 141, 336–340. doi: 10.1104/pp.106.078089

Shalaby, K. H., Allard-Coutu, A., O’Sullivan, M. J., Nakada, E., Qureshi,  S.  T., 
Day, B. J., et al. (2013). Inhaled birch pollen extract induces airway 
hyperresponsiveness via oxidative stress but independently of pollen-intrinsic 
NADPH oxidase activity, or the TLR4-TRIF pathway. J. Immunol. 191, 922–
933. doi: 10.4049/jimmunol.1103644

Sirova, J., Sedlarova, M., Piterkova, J., Luhova, L., and Petrivalsky, M. (2011). The 
role of nitric oxide in the germination of plant seeds and pollen. Plant Sci 181, 
560–572. doi: 10.1016/j.plantsci.2011.03.014

Smirnova, A. V., Matveyeva, N. P., and Yermakov, I. P. (2014). Reactive oxygen 
species are involved in regulation of pollen wall cytomechanics. Plant Biol. 
(Stuttg.). 2014 Jan; 16(1): 252–257. doi: 10.1111/plb.12004

Speranza, A., Crinelli, R., Scoccianti, V., and Geitmann, A. (2012). Reactive oxygen 
species are involved in pollen tube initiation in kiwifruit. Plant Biol. (Stuttg.) 
14, 64–76. doi: 10.1111/j.1438-8677.2011.00479.x

Sumimoto, H. (2008). Structure, regulation and evolution of Nox-family NADPH 
oxidases that produce reactive oxygen species. FEBS J. 275, 3249–3277. doi: 
10.1111/j.1742-4658.2008.06488.x

Suzuki, N., Miller, G., Morales, J., Shulaev, V., Torres, M. A., and Mittler, R. (2011). 
Respiratory burst oxidases: the engines of ROS signaling. Curr. Opin. Plant 
Biol. 14, 691–699. doi: 10.1016/j.pbi.2011.07.014

Takeda, S., Gapper, C., Kaya, H., Bell, E., Kuchitsu, K., and Dolan, L. (2008). Local 
positive feedback regulation determines cell shape in root hair cells. Science 
319, 1241–1244. doi: 10.1126/science.1152505

Torres, M. A., Onouchi, H., Hamada, S., Machida, C., Hammond-Kosack, K. E., 
and Jones, J. D. (1998). Six Arabidopsis thaliana homologues of the 
human respiratory burst oxidase (gp91phox). Plant J. 14, 365–370. doi: 
10.1046/j.1365-313X.1998.00136.x

Traverso, J. A., Micalella, C., Martinez, A., Brown, S. C., Satiat-Jeunemaitre,  B., 
Meinnel, T., et al. (2013a). Roles of N-terminal fatty acid acylations in 
membrane compartment partitioning: Arabidopsis h-type thioredoxins as a 
case study. Plant Cell 25, 1056–1077. doi: 10.1105/tpc.112.106849

Traverso, J. A., Pulido, A., Rodriguez-Garcia, M. I., and Alche, J. D. (2013b). 
Thiol-based redox regulation in sexual plant reproduction: new insights and 
perspectives. Front. Plant Sci. 4, 465. doi: 10.3389/fpls.2013.00465

Tuisel, H., Grover, T. A., Lancaster, J. R., Bumpus, J. A., and Aust, S. D. (1991). 
Inhibition of lignin peroxidase H2 by sodium azide. Arch. Biochem. Biophys. 
288, 456–462. doi: 10.1016/0003-9861(91)90220-D

Ushio-Fukai, M. (2006). Localizing NADPH oxidase-derived ROS. Sci. STKE 
2006, re8. doi: 10.1126/stke.3492006re8

von Lohneysen, K., Noack, D., Wood, M. R., Friedman, J. S., and Knaus,  U.  G. 
(2010). Structural insights into Nox4 and Nox2: motifs involved in function and 
cellular localization. Mol. Cell Biol. 30, 961–975. doi: 10.1128/MCB.01393-09

Vuletin Selak, G., Cuevas, J., Goreta Ban, S., and Perica, S. (2014). Pollen tube 
performance in assessment of compatibility in olive (Olea europaea L.) 
cultivars. Sci. Hort. 165, 36–43. doi: 10.1016/j.scienta.2013.10.041

Wang, X. L., Takai, T., Kamijo, S., Gunawan, H., Ogawa, H., and Okumura, K. 
(2009). NADPH oxidase activity in allergenic pollen grains of different 
plant species. Biochem. Biophys. Res. Commun. 387, 430–434. doi: 10.1016/j.
bbrc.2009.07.020

Wang, Y., Zhang, W.-Z., Song, L.-F., Zou, J.-J., Su, Z., and Wu, W.-H. (2008). 
Transcriptome analyses show changes in gene expression to accompany pollen 

https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1159/000237370
https://doi.org/10.1111/j.1365-313X.2009.03955.x
https://doi.org/10.17660/ActaHortic.2002.586.96
https://doi.org/10.1111/j.1469-8137.2010.03509.x
https://doi.org/10.1016/j.tplants.2011.10.001
https://doi.org/10.1111/j.1469-8137.2006.01875.x
https://doi.org/10.1093/nar/gkt376
https://doi.org/10.1126/scisignal.2000448
https://doi.org/10.1126/scisignal.2000448
https://doi.org/10.1007/s00122-005-0049-5
https://doi.org/10.1073/pnas.171104598
https://doi.org/10.1093/jxb/eru265
https://doi.org/10.1074/jbc.M109.058909
https://doi.org/10.1074/jbc.M708106200
https://doi.org/10.1074/jbc.M708106200
https://doi.org/10.1073/pnas.021273498
https://doi.org/10.1021/bi00415a013
https://doi.org/10.1371/journal.pone.0052085
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1111/j.1469-8137.2007.02042.x
https://doi.org/10.1016/j.jplph.2012.05.014
https://doi.org/10.1111/nph.12814
https://doi.org/10.1371/journal.pgen.1000621
https://doi.org/10.1046/j.1365-313X.2003.016017.x
https://doi.org/10.1104/pp.126.3.1281
https://doi.org/10.1104/pp.126.3.1281
https://doi.org/10.1104/pp.106.078089
https://doi.org/10.4049/jimmunol.1103644
https://doi.org/10.1016/j.plantsci.2011.03.014
https://doi.org/10.1111/plb.12004
https://doi.org/10.1111/j.1438-8677.2011.00479.x
https://doi.org/10.1111/j.1742-4658.2008.06488.x
https://doi.org/10.1016/j.pbi.2011.07.014
https://doi.org/10.1126/science.1152505
https://doi.org/10.1046/j.1365-313X.1998.00136.x
https://doi.org/10.1105/tpc.112.106849
https://doi.org/10.3389/fpls.2013.00465
https://doi.org/10.1016/0003-9861(91)90220-D
https://doi.org/10.1126/stke.3492006re8
https://doi.org/10.1128/MCB.01393-09
https://doi.org/10.1016/j.scienta.2013.10.041
https://doi.org/10.1016/j.bbrc.2009.07.020
https://doi.org/10.1016/j.bbrc.2009.07.020


NADPH Oxidase Activity in Olive PollenJimenez-Quesada et al.

17 September 2019 | Volume 10 | Article 1149Frontiers in Plant Science | www.frontiersin.org

germination and tube growth in Arabidopsis. Plant Physiol. 148, 1201–1211. 
doi: 10.1104/pp.108.126375

Wong, H. L., Pinontoan, R., Hayashi, K., Tabata, R., Yaeno, T., Hasegawa, K., 
et al. (2007). Regulation of rice NADPH oxidase by binding of Rac GTPase 
to its N-terminal extension. Plant Cell 19, 4022–4034. doi: 10.1105/
tpc.107.055624

Xiao, Y.-L., Redman, J., Monaghan, E., Zhuang, J., Underwood, B., Moskal,  W., 
et  al. (2010). High throughput generation of promoter reporter (GFP) 
transgenic lines of low expressing genes in Arabidopsis and analysis of their 
expression patterns. Plant Methods 6, 18. doi: 10.1186/1746-4811-6-18

Xie, H. T., Wan, Z. Y., Li, S., and Zhang, Y. (2014). Spatiotemporal production of 
reactive oxygen species by NADPH oxidase is critical for tapetal programmed 
cell death and pollen development in Arabidopsis. Plant Cell 26, 2007–2023. 
doi: 10.1105/tpc.114.125427

Zafra, A., Rejón, J. D., Hiscock, S. J., and Alché, J. D. (2016). Patterns of ROS 
accumulation in the stigmas of Angiosperms and visions into their multi-
functionality in plant reproduction. Frontiers in Plant Science. Special 
Topic: recent insights into the double role of hydrogen peroxide in plants. 
Front Plant Sci. 2016 (7), 1112. Published online 2016 Aug 5. doi: 10.3389/
fpls.2016.01112

Zafra, A., Rodriguez-Garcia, M. I., and Alche, J. D. (2010). Cellular localization of 
ROS and NO in olive reproductive tissues during flower development. BMC 
Plant Biol. 10, 36. doi: 10.1186/1471-2229-10-36

Zhang, Y., Zhu, H., Zhang, Q., Li, M., Yan, M., Wang, R., et al. (2009). Phospholipase 
dalpha1 and phosphatidic acid regulate NADPH oxidase activity and 

production of reactive oxygen species in ABA-mediated stomatal closure in 
Arabidopsis. Plant Cell 21, 2357–2377. doi: 10.1105/tpc.108.062992

Zienkiewicz, A., Jiménez-López, J., Zienkiewicz, K., Alché, J. D., and Rodríguez-
García, M. (2011a). Development of the cotyledon cells during olive (Olea 
europaea L.) in vitro seed germination and seedling growth. Protoplasma 248, 
751–765. doi: 10.1007/s00709-010-0242-5

Zienkiewicz, K., Castro, A. J., Alché, J. D., Zienkiewicz, A., Suárez, C., and 
Rodríguez-García, M. I. (2010). Identification and localization of a caleosin 
in olive (Olea europaea L.) pollen during in vitro germination. J. Exp. Bot. 61, 
1537–1546. doi: 10.1093/jxb/erq022

Zienkiewicz, K., Zienkiewicz, A., Rodriguez-Garcia, M., and Castro, A. (2011b). 
Characterization of a caleosin expressed during olive (Olea europaea L.) pollen 
ontogeny. BMC Plant Biol. 11, 122. doi: 10.1186/1471-2229-11-122.

Conflict of Interest Statement: The authors declare that the research was 
conducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Copyright © 2019 Jimenez-Quesada, Traverso, Potocký, Žárský and Alché. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1104/pp.108.126375
https://doi.org/10.1105/tpc.107.055624
https://doi.org/10.1105/tpc.107.055624
https://doi.org/10.1186/1746-4811-6-18
https://doi.org/10.1105/tpc.114.125427
https://doi.org/10.3389/fpls.2016.01112
https://doi.org/10.3389/fpls.2016.01112
https://doi.org/10.1186/1471-2229-10-36
https://doi.org/10.1105/tpc.108.062992
https://doi.org/10.1007/s00709-010-0242-5
https://doi.org/10.1093/jxb/erq022
https://doi.org/10.1186/1471-2229-11-122
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Generation of Superoxide by OeRbohH, a NADPH Oxidase Activity During Olive (Olea europaea L.) Pollen Development and Germination
	Introduction
	Materials and Methods
	Plant Material and Growing Conditions
	Molecular Biology
	Determination of OeRbohH Sequences
	Gene Expression Analysis
	Obtaining Upstream Regulatory Sequences
	Construction of the OeRbohH Promoter-β-Glucuronidase (GUS) Fusion
	Construction of OeRbohH-GFP and OeRbohH-YFP Fusions
	Construction of OeRbohH Expression Vector

	Biochemistry
	Protein Extracts
	Native PAGE and In-Gel NADPH Oxidase Activity Assay
	In Vitro Expression of OeRbohH in Escherichia coli and Rise of an OeRbohH Antibody
	Immunoblotting of OeRbohH

	Nucleic Acid Transfection
	Arabidopsis thaliana Transformation and 
GUS Assays
	Biolistic Transformation
	Design of Antisense Oligodeoxynucleotides (ODNs) and Delivery Into Growing Pollen Tubes

	Microscopy Analyses
	Immunocytochemistry
	Detection of O2•− Production

	Bioinformatic Tools
	Statistical Analysis

	Results
	OeRbohH Is an Rboh-Type Gene Present in the Olive Tree, Which Is Mainly Expressed in Pollen
	Bacterial Expression of OeRbohH and Determination of the Specificity of the Risen Antibody
	OeRbohH Protein Localizes in Both the Developing Pollen Grains and the Sporophytic Tissues of the Anther
	OeRbohH Is a Plasma Membrane Protein With Enhanced Activity at the Pollen Tip, Whose Activity Must Be Highly Regulated
	Oxidative Burst in the Olive Pollen Tube Tip Depends Mainly on NADPH Oxidase Activity

	Discussion
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


