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HIGHLIGHTS 
 
 

• Phragmites sp . early response to oxida- tive stress and adaptation was studied. 
• Phragmites leaf proteome alterations due to AO7 were followed up to 24.25 h. 
• Signalling was promptly activated, three identified proteins abundance increased. 
• Carbohydrate metabolism boost the energy flows due to photosynthesis inhibition. 
 
 
GRAPHICAL ABSTRACT 

 

 
abstract 
Phragmites sp. is present worldwide in treatment wetlands though the mechanisms involved in the 
phytoremediation remain unclear. In this study a quantitative proteomic approach was used to study the 
prompt response and adaptation of Phragmites to the textile dyeing pollutant, Acid Orange 7 (AO7). 
Previously, it was demonstrated that AO7 could be successfully removed from wastewater and mineralized 
in a constructed wet- land planted with Phragmites sp. This azo dye is readily taken up by roots and 
transported to the plant aerial part by the xylem. Phragmites leaf samples were collected from a pilot scale 
vertical flow constructed wetland after 0.25, 3.25 and 24.25 h exposure to AO7 (400 mg L-1) immediately 
after a watering cycle used as control. Leaf soluble protein extraction yielded an average of 1560 proteins in 
a broad pI range (pH 3-10) by two-dimensional gel electrophoresis. A time course comparative analysis of 
leaf proteome revealed that 40 proteins had a differential abundance compared to control (p b 0.05) within a 
3.25 h period. After 24.25 h in contact with AO7, leaf proteome was similar to control. Adaptation to AO7 
involved proteins related with cellular signal- ling (calreticulin, Ras-related protein Rab11D and 20S 
proteasome), energy production and conversion (adeno- sine triphosphate synthase beta subunit) 
carbohydrate transport and metabolism (phosphoglucose isomerase, fructose-bisphosphate aldolase, 
monodehydroascorbate reductase, frutockinase-1 and Hypothetical protein POPTR_0003s12000g and the 
Uncharacterized protein LOC100272772) and photosynthesis (sedoheptulose- 1,7-bisphosphatase and 
ferredoxin-NADP+ reductase). Therefore, the quantitative proteomic approach used in this work indicates 
that mechanisms associated with stress cell signalling, energy production, carbohydrate transport and 
metabolism as well as proteins related with photosynthesis are key players in the initial chemical stress 
response in the phytoremediation process of AO7. 
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1. Introduction 

Textile industry plays a major role in the economy of many countries around the world, where a large 
amount of wastewaters contaminated with unfixed dyes are being produced (Ghaly et al., 2014). Dyes, of 
which the majority are azo dyes designed to resist to abiotic and biotic degradation remain nearly unchanged 
throughout conventional waste- water treatment processes contaminating the receiving water bodies (Banat 
et al., 1996; Sanromán et al., 2004). Moreover, large quantities of untreated textile dyeing wastewaters are 
being discharged daily by small size companies in low-income regions to the nearest water stream, mostly 
due to the lack of affordable treatment technologies. Whereas veg- etation lining the banks survives to the 
contaminated waters, the mam- malian health is undermined by dermal exposure and absorption of azo 
dyes metabolites produced by skin microorganisms or via ingestion, as liver enzymes and intestinal flora are 
also able to split azo dyes into aro- matic amines that can be more toxic than the parent molecule (Bhaskar 
et al., 2003; Chung et al., 1992). Prevalent vegetation in constructed wet- lands (CWs) consists of 
macrophytes (e.g. Phragmites sp.) that easily adapt to the presence of pollutants. Besides plants ability to 
alter the chemical form of contaminants by changing the soil environment (e.g., pH and redox potential) 
around the roots (Verkleij et al., 2009) and via the release of exudates and oxygen (Hinsinger et al., 2009) 
pro- moting microbial growth they also play a role in detoxification pathways of diverse xenobiotics 
(Schwitzguébel et al., 2011). The uptake of xenobi- otics by plants depends on root-water-soil interactions. 
The translocation from plant roots to xylem is considered optimal for those compounds that are only slightly 
hydrophobic (0.5 b Log Kow b 3.5). These compounds seemed to enter the xylem faster than the soil and 
rhizosphere microflora can degrade them (Barac et al., 2004). Thus, under normal circumstances, plants 
have to metabolise endogenous and exogenous compounds that may lead to a sudden increase in plant 
endogenous intracellular reactive oxygen species (ROS) content. While, the major ROS generation sites are 
considered the reaction centres of photosystems I and II in chloro- plasts, under stress conditions the 
disruption of the electron transport systems linked to mitochondrial and plasma membranes also leads to an 
increase in ROS production (Demidchik, 2015). 

Phragmites are ubiquitous species belonging to the Poaceae family found in wetland areas and 
commonly used in CW treatment systems, being effective in treating domestic, agricultural and industrial 
waste- waters (Haberl et al., 2003; Wu et al., 2015). Phragmites has been proved to be an excellent plant for 
use in CWs also due to its phyto- treatment capacity of textile azo dyes contaminated wastewaters (Carias et 
al., 2008; Davies et al., 2009; Davies et al., 2006; Ferreira et al., 2014). Phragmites sp. prompt response to 
the chemical stress im- posed by Direct Red 81 (a di-azo dye) revealed the importance of the photosynthetic 
pigments involvement in early signalling, the synergy between the antioxidant enzymes and the ascorbate-
glutathione cycle, and the activation of the detoxification system (Ferreira et al., 2014). Indeed the 
expression of genes coding for ROS scavenging en- zymes were found to be stimulated in Phragmites root 
and leaf tissues after plant exposure to the azo dye Acid Orange 7 (AO7) and the plant detoxification system 
was simultaneously activated (Davies et al., 2009). 

How vegetation adapts to pollutants and its role in textile dyeing wastewaters decontamination is a 
crucial research in order to enable a proper selection of vegetation for treatment (constructed) wetlands and 
its design and operation. These engineered wetlands are affordable almost anywhere. 

In the present work, AO7 was selected as an azo dye model mol- ecule. AO7 chemical properties (pKa of 
8.2; Log Kow of 0.56) allow for plant uptake and transport by xylem to the aerial part of the plant while it is 
not expected to be excreted by phloem (Collins et al., 2006). Therefore, it may be metabolised in Phragmites 
leaf tis- sues leading to AO7 high removal efficiencies (Davies et al., 2006). To get new insights into the 
global mechanisms underlying Phragmites response to azo dyes, the variations occurring in soluble leaf 
proteins abundance after exposure to AO7 were followed using a quantitative proteomic approach. 
Proteomics studies significantly contributed to unravel the relationships between protein abundance and 
plant stress adaptation for other plant species (for review see Kosová et al., 2011). 

 
2. Materials and methods 
2.1. Sample preparation 

A pilot scale vertical flow constructed wetland (VFCW) (0.96 m2 x 0.7 m) planted with Phragmites sp. in a 
sandy-clay soil was pulse-fed every 3 h for 15 min, ca. 15 L. The feeding of the VFCW was changed from tap 
water to an aqueous solution of AO7 at 400 mg L-1 in three separate occasions in different seasons 
(biological triplicates) (Davies et al., 2010). Leaves were collected at the end of a last water pulse (control) 
and after the pulse-fed period of the 1st, 2nd and 8th 



(0.25h,3.25hand24.25h)AO7feedingcycle.Leafsampleswerecollect- ed randomly and immediately frozen in 
liquid nitrogen, as previously re- ported (Ferreira et al., 2014), and reduced to a fine powder using a 6770 
SPEX SamplePrep Freezer/Mill (-196 °C). The grinding was done in 2 cycles of 10 min at maximum 
frequency, between grinding cycles sam- ples were cooled for 2 min to achieve optimum brittleness again; 
100 mg of powder portions were transferred intosterilemicrotubes,suspended in 1 mL of PBS (0.01 M, pH 
7.4) with a protease inhibitor cocktail (10% (v/v); cOmplete, Roche) and incubated in a rotary shaker for 1 h 
at 20 °C. 

Cell wall and debris were removed by centrifuging (20,800g; 15 min) and the supernatant was filtered 
using sterile low protein- binding syringe filters (0.2 |im). Ribulose-1,5-bisphosphate carboxyl- 
ase/oxygenase (RuBisCO) was removed with IgY antibodies cross- linked to microbeads (Seppro® 
RuBisCO Spin Column, Sigma-Aldrich). To the remaining proteins, (3-mercaptoethanol was added to a final 
con- centration of 2%, in solution. Total protein content was determined with 2-D Quant Kit (GE Healthcare) 
according to the manufacturer instruc- tions. Aliquots of 25 jwg of protein were precipitated using the 2-D 

 

 

Fig. 1. Representative proteome map of Phragmites sp. leaf proteins. Proteins were separated by 2-DE (pI between 3 and 10; SDS-PAGE 12%) 
and visualized by staining with Coomassie Blue R-350. The identified protein spots are numbered as in Table 1.pI: isoelectric point; MW: 
molecular weight. 

 
Clean-Up Kit (GE Healthcare) to remove isoelectric focusing (IEF) inter- fering compounds according to the 
manufacturer instructions. Samples were kept up to two weeks at - 20 °C. 
 
2.2. Two-dimensional gel electrophoresis 
Before IEF, samples were centrifuged (12,000g; 10 min) and pelleted 
proteins were solubilized in 100 pL IEF buffer (9 M urea, 2% w/v 3-((3- cholamidopropyl) dimethylammonio)-
1-propanesulfonate, 0.5% w/v Pharmalytes 3-10,15 mM 1,4-dithiothreitol and traces ofbromophenol blue). 
Proteins were quantified and each analytical sample was pre- pared byadjusting protein concentration to 100 
pgin80pLofIEFbuffer. A two-dimensional gel electrophoresis (2-DE; 12% polyacrylamide gel) procedure was 
then carried out (Roma-Rodrigues et al., 2010).Atotal of 12 gels were run, corresponding to 3 gels for each 
one of the three dif- ferent experimental conditions and control. A preparative sample was run in parallel with 
the samples under study (24.25 h samples were ex- cluded). This sample was prepared by pooling together 
400 pgofpro- tein extract obtained from each different biological sample under study. The resulting 
preparative gel was stained with Coomassie Blue R-350 (Santos et al., 2004). 
 
2.3. Analysis of protein abundance levels 

Analytical gel images were analysed with Progenesis Samespots software package (Nonlinear 
Dynamics, Newcastle, UK), essentially as described before (Roma-Rodrigues et al., 2010; Santos and Sa-
Correia, 2009). Protein spots were identified using the automatic spot detection algorithm. Individual spot 
volumes were normalized against total spot volumes ofthe respective gel. Spots that showed evidence of 
saturation were not further analysed. The normalized volume averages of each protein spot were compared 
using one-way ANOVA between-group test. Statistically significant spots were considered at p b 0.05 and 
Progenesis Power score N 70%. 

Progenesis Samespots software was also used in Principal Compo- nent Analysis (PCA) of 2-DE gel 
protein patterns among control and AO7 conditions. 

 
2.4. Identification of proteins by peptide mass fingerprinting 

The identification of protein spots of interest was performed byPep- tide Mass fingerprint using MALDI-



TOF/TOF tandem mass spectrometry (MS/MS) in the proteomic unit at Centro Nacional de Investigaciones 
Cardiovasculares Carlos III, Madrid, Spain (CNIC Foundation), as a paid service. 

 
2.4.1. In-gel trypsin digestion 

Protein spots were excised from the preparative gel manually and transferred to pierced V-bottom 96-well 
polypropylene microplates (Bruker Daltonik) loaded with ultrapure water. The samples were digested 
automatically using a Proteineer DP robot (Bruker Daltonik) under the control ofdpControl 1.2 software 
(Bruker Daltonik) according to the protocol of Shevchenko et al. (2006) with the modifications of Madeira et 
al. (2011) and other minor variations: modified porcine trypsin at a final concentration of8 ngpL-1 in 50 mM 
ammoniumbicar- bonate was added to the dry gel pieces and the digestion proceeded at 37 °C for 8 h; 
finally, 0.5% trifluoroacetic acid was added for peptide extraction, and the resulting digestion solutions 
transferred by centrifu- gation to V-bottom 96-well polypropylene microplates (Greiner Bio- One). 

 
2.4.2. Mass spectrometry 

MALDI samples were prepared by mixing equal volumes of the above digestion solution and a matrix 
solution composed of a-cyano- 4-hydroxycinnamic acid in 50% aqueous acetonitrile and 0.25% 
trifluoroacetic acid. This mixture was deposited onto a 600 pm 

 
 

 

Fig. 2. One-dimensional Principal Component Analysis (PCA) of protein patterns in 2-DE gels. The PCA used first principal component for analysis of the gels 
prepared from Phragmites leaves collected from a VFCW at the end of a last water pulse (T0) and at the end of the 1st (T0.25h), 2nd (T3.25h) and 8th (T24.25h) 
feeding period of AO7 (400 mg L- 1). Spots inside circles represent each gel prepared for the indicated condition. The grey line represents the clustering of the 
proteins detected in the corresponding 2-DE gels. Both axes correspond to PCA 1. 

 
 

 
 
 
 
 
 
 



 
 
AnchorChip prestructured MALDI probe (Bruker Daltonik) (Schuerenbeg et al., 2000) and allowed to dry at 
room temperature. Samples were automatically analysed in an Ultraflex MALDI-TOF/TOF mass 
spectrometer (Bruker Daltonik) (Suckau et al., 2003) with an au- tomated analysis loop using internal mass 
calibration, under the control of flexControl 2.2 software (Bruker Daltonik). In a first step, the MALDI- MS 
spectra were acquired by averaging 300 individual spectra in the positive ion reflector mode at 50 Hz laser 
frequency in a mass range from 800 to 4000 Da. Internal calibration of MALDI-MS mass spectra was 
performed using two trypsin autolysis ions with m/z = 842.510 and m/z = 2211.105. In a second step, 
precursor ions exceeding a threshold signal-to-noise ratio in the MALDI-MS mass spectrum were subject to 
fragment ion analysis in the tandem (MS/MS) mode. Precur- sors were accelerated to 8 kV and selected in a 
timed ion gate. Fragment ions generated by laser-induced decomposition of the precursor were further 
accelerated by 19 kV in the LIFT cell and their masses were analysed after passing the ion reflector to 
average 1000 spectra. MALDI-MS/MS calibrations were performed with fragment ion spectra obtained for 
the proton adducts of a peptide mixture covering the 800-3200 m/z region. MALDI-MS and MS/MS spectra 
were manually inspected in detail and reacquired, recalibrated and/or relabelled when necessary. 
 
2.4.3. Database searching 

MALDI-MS and MS/MS data were combined through the BioTools 3.0 program (Bruker Daltonik) to 
search a non-redundant protein data- base, NCBInr 20151125 (77,306,371 sequences; 28,104,191,422 resi- 
dues) or SwissProt 2015_11 (549,832 sequences; 196,078,138 residues), using MASCOT software 
(http://www.matrixscience.com; Matrix Science, London, UK). Search parameters were setas: taxonomy, 
Viridiplantae (Green Plants); proteolytic enzyme, trypsin; allow up to one missed cleavages; fixed 
modifications, carbamidomethyl (C); vari- able modifications, oxidation (M); monoisotopic peptide mass 
(NH+); peptide mass tolerance ±50 ppm; MS/MS tolerance ±0.5 Da. Only sig- nificant hits, as defined by the 
MASCOT probability analysis (p b 0.05), were considered in subsequent data analyses. The protein 
identifica- tions were validated according to the following criteria: score N68, low- est expect, at least four 
peptide matches and at least 10% sequence coverage. 

The protein species were functionally categorized using UniProtKB (Universal Protein Resource 
Knowledgebase; http://www.uniprot. org), EggNOG v4.5 (Evolutionary Genealogy of Genes: Non-supervised 
Orthologous Groups;http://eggnogdb.embl.de) and KEGG (Kyoto Ency- clopedia of Genes and Genomes; 
http://www.kegg.jp) combined with manual analysis. 

 
3. Results and discussion 
3.1. Protein spots separation, image analysis and protein species identification 

The objective of this studywas to elucidate changes in protein abun- danceassociated 
withprogressionofexposuretimeofPhragmitesplants to AO7 in a time course of24h byanalyzing leaf soluble 
proteome via 2- DE. To that purpose a pilot VFCW planted with Phragmites sp. was pulse fed every3 
hfor15min withAO7at400 mgL-1. Plantleaves were sam- pled immediately after each feeding cycle, as 

http://www.matrixscience.com/
http://www.uniprot.org/
http://www.uniprot.org/
http://eggnogdb.embl.de/
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described in Section 2.1., and processed. Abundance of several proteins was altered depending upon the 
contact time and MALDI-TOF/TOF was used to identify a num- ber of these proteins. 

Among all 2-DE gels obtained in this proteomic analysis, an average of 1560 proteins with a pI range 
from pH 3 to pH 10 were separated (Fig. 1). The proteins patterns under the analysed conditions were com- 
pared by a one-dimensional PCA (Fig. 2). The 1st (0.25 h) and 2nd (3.25 h) feeding cycles were clustered in 
the same vicinity of the first principal component, the 8th cycle (24.25 h) was located at the vicinity 
ofthe control sample. This result suggests higher similaritybetween the control and the 24.25 h protein 
patterns and hence that major plant ad- aptations to AO7 did occur in the first feeding cycles, consistent with 
previous observations (Davies et al., 2010). Therefore, only the 0.25 h and 3.25 h samples were considered 
for further analysis. 

Proteins spots were selected for identification based on a prelimi- nary expression analysis of the 
obtained 2-DE protein patterns using Progenesis SameSpots software. Protein spots excised from the gel 
were analysed by MS/MS using a peptide mass fingerprint approach. Among the 90 proteins selected for 
identification, 35 had homology with protein sequences deposited in NCBI and SwissProt databases (Table 
1; see also supplementary Table S1). A significant percentage of the protein spots could not be identified 
(62%)due to the absence ofsig- nificant homologous proteins in databases. The identified proteins pre- 
sented a high homology with proteins of Zea mays (27%) and Oriza sativa (23%), Fig. 3, but only one protein 
had high homology with a Phragmites sp. protein (spot 10). 

Currently, only about 600 Phragmites sp. gene sequences are avail- able in GenBank, while several of 
them are still registered as “unnamed protein product”. Therefore, mostofthe proteins whose abundance was 
found to be modified in response to AO7 had no significant homology with proteins in databases (see 
supplementary Table S2). However, they seemed to play an important role in the response of Phragmites sp. 
leaf tissues to the presence of AO7, since their abundance had the most significant alterations (p b 0.05), 
e.g., the abundance of protein spot number 26 (Fig. S1 and supplementary Table S2) increased 5.7 times 
after 3.25 h. 

Moreover, it is not possible to compare the overall results with the proteomic analysis of two Phragmites 
ecotypes accomplished by Cui et al. (2009) as proteins extraction methodology and pI range under study are 
different. Even though, some of the proteins linked to photo- synthesis function showed some similarity (spot 
16, 21, 29). 

A functional characterisation of the 35 identified proteins was established using UniProtKB, EggNOG, 
KEGG databases and other re- ports in the literature (Table 1). From the identified proteins, 6 (17.1%) had 
homology with proteins whose function is unknown. The 29 remaining identified proteins were classified into 
three main orthologous categories: cellular processes and signalling (14.3%), me- tabolism (62.9%) and 
information storage and processing (5.7%). The functional groups of each main category are presented in 
Fig. 4. Two functional groups from the metabolism category stand out: 28.6% of proteins are involved in 
carbohydrate transport and metabolism and 17.1% in photosynthesis. 

 
3.2. Time-dependent alterations of the proteome of Phragmites sp. leaves due to AO7 

Significant abundance differences (p b 0.05) were denoted in 15 identified proteins and found as AO7 
contact time dependent (Table 2). Immediately after the first 15 min in contact with AO7, the content of 
proteins related to signal transduction pathways like Ras- related protein Rab11D, calreticulin (CRT) and 
20S proteasome (20SP) (spot 4, 8 and 24, respectively) increased as compared to control (Tables 1 and 2; 
Fig. 5). 

Other variations were also associated to proteins functional catego- ries denoting a main alteration on 
those associated with metabolism when exposure time increased from 0.25 h to 3.25 h (Fig. 5). Indeed, it 
was observed: (a) an increased abundance of the protein adenosine triphosphate (ATP) synthase beta 
subunit (ATPase (3; spot 10) related to energy production and conversion; of the Hypothetical protein 
POPTR_0003s12000g (spot 14) and Uncharacterized protein LOC100272772 (spot 45) related to 
carbohydrate transport and metabolism; and of the sedoheptulose-1,7-bisphosphatase (SBPase; spot 16) 
and ferredoxin-NADP+ reductase (FNR; spot 29) related to photosynthesis; (b) a decrease in abundance of 
the proteins fructose-bisphosphate (FBP) aldolase (spot 51) and phosphoglucose 

 
 
 
 
 
 
 
 



 

 
 

Fig. 3. Taxonomy analysis of the identified Phragmites sp. leaf proteins: taxonomy families (left chart) and taxonomy species of the Poaceae family (right chart; 
legend follows percent descending order). 

 
isomerase (PGI; spot 54) related to carbohydrate transport and metabolism. 

A schematic representation of the chemical stress-induced changes in major metabolic pathways of 
Phragmites sp. leaves is presented in Fig. 6. 

 
3.2.1. Changes in proteins involved in cellular process and signalling 

Since plants use specific messengers (e.g., ROS or the modulated in- tracellular calcium) to regulate 
their metabolic processes to adapt to minute changes imposed by biotic or abiotic stresses (Garg et al., 
2015; Yan et al., 2014) a prompt response to AO7 presence might have occurred. Thus, the rapid increase 
(at 0.25 h) of abundance of CRT, 20SP alpha subunit and Ras-related protein Rab11D in Phragmites sp. 
leaves may be part of the complex stress signalling strategy occur- ring in this plant species. 

CRT protein is a major calcium-binding molecular chaperone located in the lumen of the endoplasmatic 
reticulum (Garg et al., 2015) but also outside the endoplasmatic reticulum compartments such as the Golgi 
apparatus, cytosol, nucleus and cell surface (Qiu et al., 2012). CRT are quality control systems of protein 
folding machinery promoting correct folding of proteins that enter the secretory pathway and targets 
misfolded proteins for degradation (Gupta and Tuteja, 2011). They have been implicated in different 
signalling pathways specific to plants 
(Agrawal et al., 2002; Heilmann et al., 2001; Komatsu et al., 2007; Sharma et al., 2004). 

20SP alpha subunit abundance increased gradually during the course event of Phragmites exposure to 
AO7. In eukaryotes, the 20SP is the core complex of the 26SP, which degrades ubiquitinated target mol- 
ecules in an ATP-dependent manner. Protein ubiquitination regulates many processes in eukaryotic cells, 
varying from cell division through communication/signalling to cell death. In plants, the ubiquitin/protea- 
some pathway of protein degradation has been implicated in plant responses to internal and external stimuli, 
comprising phytohormones, abiotic stress and pathogen attack (Dong et al., 2006; Rampitsch et al., 2006; 
Zang and Komatsu, 2007). 

Cellular organization and signalling is greatly influenced by mem- bers of Ras superfamily small 
guanosine triphosphate (GTP)-binding proteins. In plants the superfamily is categorized into the Rho, Rab, 
Arf and Ran families according to their GTP-binding domain. The Rab family is by far the largest family of 
Ras superfamily with multiple non-clarified functions in vesicular transport and protein trafficking between 
differ- ent organelles via endocytotic and secretory pathways (Nielsen et al., 2008; Zhang et al., 2012). Ras-
related protein Rab11D (spot 4; Table 1) exhibited an increase in abundance at 0.25 h as compared to 
control. At 3.25 h the abundance of this protein was lower than at 0.25 h but still higher than in the control, 
thus showing some adaptation 

 



 
 

 

 
 
flexibility as observed in gene expression of Ras-related protein Rab11D in maize leaves under salt stress 
(Qing et al., 2009). 
 
3.2.2. Proteins involved in energy metabolism Large amounts of ATP are required to provide sufficient 

energy for plant growth, development and stress response. Phragmites energy metabolism was changed 
under the chemical stress as suggested by the 

altered abundance of two isoforms of ATPase (3 (spots 9 and 10; Table 1). At 3.25 h, the abundance ofthe 
mitochondrial isoform (spot 9) remained at lower levels but the abundance of plastid isoform (spot 10) 
showed increased levels. The same behaviour was noticed for the Hypothetical protein 
POPTR_0003s12000g (spot 14; Table 1). According to KEGG Orthology, this protein is classified as being 
involved 
 



 
 

 
 

in the amino sugar and nucleotide sugar metabolism. Therefore, the combined action of ATPase (3 subunits 
and Hypothetical protein POPTR_0003s12000g suggest that these proteins may have a protective 
role by providing continuously energy for normal physiological processes and, at the same time, the extra 
energy needed for defence mechanisms. 



 

Fig. 6. Schematic representation of major chemical stress-responsive proteins of Phragmites sp. leaves. Blue (left) and red (right) arrows indicate changes in 
protein abundance at 0.25 h and 3.25 h (end of the 1st and 2nd feeding period of AO7 cycles), respectively; and upward arrows indicate increase, downward 
arrows indicate decrease and bi-arrows indicate no significantly different (p b 0.05) from the control (last water pulse). Abbreviations: 1,3-PGA, 1,3-bis 
phosphoglycerate; 20SP, 20S proteasome; 3-PGA, 3-phosphoglycerate; ADP, adenosine diphosphate; APX: ascorbate peroxidase; ASC: ascorbate; ATP, 
adenosine triphosphate; ATPase 3, adenosine triphosphate synthase beta subunit; CRT, calreticulin; Cytb6f, cytochrome b6f; DHA: dehydroascorbate; DHAP, 
dihydroxyacetone phosphate; DHAR: dehydroascorbate reductase; F6P, fructose-6-phosphate; FBP aldolase, fructose-bisphosphate aldolase; FBP, fructose 1,6-
bisphosphate; FBPase, fructose-1,6-bisphosphatase; FNR, ferredoxin-NADP+ reductase; G-1,3-BP, glycerate-1,3-bisphosphate; G2P, glycerate-2-phosphate; 
G3P, glycerate-3-phosphate; G6P, glucose-6-phosphate; GA3P, glyceraldehyde-3-phosphate; GR: glutathione reductase; GSH: reduced glutathione; GSSG: 
oxidised glutathione; MDHA: monodehydroascorbate; MDHAR: monodehydroascorbate reductase; NADP+/NADPH, nicotinamide adenine dinucleotide phosphate; 
o-Fd, oxidised ferredoxin; PEP, phosphoenolpyruvate; PGI, phosphoglucose isomerase; PQ, plastoquinone; PSI, photosystem I; PSII, photosystem II; r-Fd, 
reduced ferredoxin; Ru-5-P, ribulose-5-phosphate; RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxygenase; RuBP, ribulose- 1,5-bisphosphate; SBPase, 
sedoheptulose-1,7-bisphosphatase. 

 
3.2.3. Photosynthesis-related proteins 

An alteration between the rate of primary and secondary photosyn- thetic reactions increases the risk of 
ROS formation. When an imbalance in the production of ROS occurs, H2O2 may accumulate in chloroplasts 
and rapidly oxidise protein thiol groups leading to the inactivation of thiol-modulated Calvin cycle enzymes, 
such as SBPase (Foyer, 2002), Fig. 6. Once the steady state levels of H2O2 were reached (probably by their 
disproportionation catalysed by antioxidant enzymes like ascor- bate peroxidase (APX), peroxidase, 
glutathione peroxidase or catalase (Mittler et al., 2004)), a subsequent SBPase activation is expected 
(Raines et al., 1999) which, may be related to SPBase abundance in- crease noticed at 3.25 h. At the same 
time, the abundance of FNR also in- creased. In fact, this protein only presented a change in abundance 
after 3.25 h. FNRs are flavoenzymes, which main role in chloroplast is to ca- talyse the final step of 
photosynthetic electron transport, namely, the electron transfer from the ferredoxin, reduced by photosystem 



I, to the oxidised form of nicotinamide adenine dinucleotide phosphate (NADP+). This reaction provides the 
NADPH necessary for CO2 assimila- tion in the Calvin cycle and other biosynthetic and protective pathways 
(Fig. 6). FNR has also been suggested to confer tolerance to oxidative stress, in a combined action with 
flavodoxin, by maintaining proper electron distribution during oxidative stress episodes and therefore, 
chloroplastic redox homeostasis (Giró et al., 2011). Ferredoxin/ thioredoxin system also contributes to the 
redox regulation of SBPase and consequently to its activation (Raines et al., 1999). Moreover, if 
photosystem II is non-functional or no NADP+ is available for reduction, FNR is supposed to play a role in 
cyclic electron transfer, generating a transmembrane pH gradient allowing ATP production (Grzyb et al., 
2008). In the current work, both scenarios are possible. Further studies are needed to clarify the ultimate role 
of FNR in the Phragmites sp. response to the chemical stress imposed by the dye. 

 
3.2.4. Proteins involved in carbohydrate transport and metabolism 

The cytoplasmatic isozyme 1-like FBP aldolase (spot 51; Table 1) presented a 1.9-fold increase at 0.25 
h. Nonetheless, at 3.25 h the pro- tein abundance presented a 0.6-fold decrease comparatively to control (0 
h). In literature, there are different reports on the expression of FBP aldolase in plant leaves (Abbasi and 
Komatsu, 2004; Agrawal et al., 2002; Jedmowski et al., 2014; Liu et al., 2014). In this work, as in Murad et al. 
(2014), two other isoforms were identified (spot 61 and 62; Table 1) but without any differences in their 
content levels. 

FBP aldolase is a key enzyme of plants metabolism, which plays a critical role in the regulation of carbon 
flux through carbohydrate me- tabolism. It is involved in the glycolytic pathway and reversibly cataly- ses the 
conversion of fructose-1,6-bisphospate to glyceraldehyde-3- phosphate and dihydroxyacetone phosphate. 
The cellular localization of FBP aldolase may influence the function of the protein (Jedmowski et al., 2014). 

The glycolytic pathway occurs in two stages, briefly: in the 1st stage, glucose is phosphorylated twice and 
cleaved to form glyceraldehyde-3- phosphate; in the 2nd stage, glyceraldehyde-3-phosphate is converted to 
pyruvate. In the 2nd reaction of the 1st stage of glycolysis, catalysed by PGI, glucose-6-phosphate is 
reversibly converted to fructose-6- phosphate, that will be phosphorylated by a phosphofructokinase to form 
fructose-1,6-bisphospate that will be cleaved by FBP aldolase (Fig. 6). Thus, it was not surprising that FBP 
aldolase and PGI proteins (spot 51 and 54, respectively; Table 1) presented the same abundance variation 
pattern. 

The overexpression of the glycolysis pathway enzymes are of utmost importance for the increase of 
soluble sugars accumulation, as well as for providing more energy needed for the plant under stress, and 
there- fore, can be an indicator of stress tolerance (Murad et al., 2014). More- over, the initial increased 
expression of FBP aldolase and PGI proteins may reflect the pattern of carbon flux in response to the 
reduction of the photosynthetic protein SBPase at 0.25 h (spot 16; Table 1) and to the high demand for the 
metabolic regulation in the leaves of Phragmites 
caused by the dye. Seong et al. (2013) results indicated that PGI expres- sion may control antioxidant-
related genes such as APX and thus, be in- volved in antioxidant metabolism. The inhibition of the glycolytic 
flux shifts glucose into the pentose phosphate pathway to produce NADPH, which protects against oxidative 
stress by providing the reducing power for antioxidant enzymes (Fernández-Cisnal et al., 2014). Proba- bly, 
one of the oxidoreductase proteins consuming NADPH was the up-regulated monodehydroascorbate 
reductase (MDHAR) (spot 12; Table 1). The Uncharacterized protein LOC100272772 (spot 45; Table 1) 
change in abundance at 3.25 h may also be related to ROS con- trol. According to Gene Ontology, its 
putative biological process is linked to hydrogen peroxide catabolic process. Moreover, and according to 
KEGG Orthology, this protein is defined as a MDHAR. This protein catal- yses the conversion of the 
monodehydroascorbate to ascorbate oxidiz- ing NAPDH (Fig. 6). Dismutation of H2O2 to H2O by APX 
occurs by oxidation of ascorbate. A previous study (Carias et al., 2008) reported an increase in leaves APX 
activity after Phragmites has been exposed to low concentrations of AO7. Moreover, early changes (at 0.25 
h) in photosynthetic pigments content (depletion) and in APX activity (in- crease) in Phragmites sp. leaf 
soluble proteins were verified in response to exposure to a di-azo dye contaminated effluent (Ferreira et al., 
2014). Additionally and assuming that photosynthesis inhibition took place under chemical stress imposed 
by AO7, the plant energy and carbon re- quirements need to be derived from stored carbohydrates. This 
hypoth- esis is supported by the increased content of FBP aldolase and PGI proteins, and of fructokinase-1 
(spot 17; Table 1), which catalyses the key step of fructose phosphorylation in plants. 
 
4. Conclusions 

After a perturbation, the proteome is generally altered in order to adapt the cell to the new environmental 
condition. In this study, the comparison of the protein abundance profile of plant leaf samples be- fore and 
after the plants irrigation with AO7 at 400 mg L- 1 allowed for the identification of proteins that were affected. 

Overall, this comparative proteomic analysis led to the identification of 35 proteins, 15 of them showing a 



different abundance in relation to control within a 3.25 h period. AO7 has a prompt effect on the content of 
proteins of Phragmites sp. leaf photosynthetic apparatus and on proteins related to energy production and 
conversion and to carbohydrate trans- port and metabolism. Signalling to the oxidative stress imposed by the 
dye was also rapidly activated. The obtained results are a contribution into the analysis and further 
establishment of Phragmites sp. phytoremediation mechanisms. Moreover, it is important to highlight that 
carbohydrate metabolism boosted the energy flows due to photo- synthesis inhibition. Thus, significative 
changes in the photosynthetic apparatus should be correlated with all the other prompt response 
mechanisms to assess plant species sensitivity to the azo dyes prior phytoremediation implementation. 

Supplementary data to this article can be found online at 
http://dx.doi.org/10.1016/j.scitotenv.2016.08.169. 
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