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ABSTRACT 
Water lilies are aquatic, ornamental and economically valuable plants classified under Nymphaea genus. 

Nymphaea alba L., white water lily, has a special focus since it is a member of basal angiosperms. Alternative 

oxidase (AOX) proteins are the terminal oxidases in the electron transport chain of plants. Identification of 

alternative oxidase encoding genes for basal angiosperms is important to increase the quality of phylogenetic 

studies. However, AOX encoding genes were yet to be discovered for N. alba. In this study, we aimed to identify 

alternative oxidase encoding genes in N. alba by performing transcriptome analysis.  Annotation of 272,934 

unigenes with Trinotate tool revealed 77 transcripts with AOX domains characterized in known alternative 

oxidases. Blast analysis of these 77 sequences with known AOX proteins revealed three distinct AOX genes 

(AOX1, AOX2 and AOX4) in N. alba. After in silico subcellular localization analysis of three identified AOX 

proteins, AOX1, AOX2 are predicted as mitochondrial while AOX4 is a plastidic alternative oxidase protein. 

Template-based structural modeling results showed that all identified proteins are statistically similar to known 

structure models of corresponding AOXs. 
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De Novo Transkriptom Birleştirme Analizi Nymphaea alba L. 

Türünde Üç Alternatif Oksidaz Kodlayan Gen Olduğunu 

Göstermektedir 
 

ÖZ 

Nilüfer bitkileri ekonomik değeri yüksek sucul süs bitkileri olup Nymphaea ailesi altında sınıflandırılmaktadırlar. 

Nymphaea alba L. (Beyaz nilüfer) bazal angiospermlerin bir üyesi olduklarından özel bir öneme sahiptir. Alternatif 

oksidaz kodlayan genlerin bazal angiospermlerde belirlenmesi filogenetik çalışmaların kalitesini artırmak için 

önemlidir. N. alba için AOX sentezinden sorumlu genler henüz tanımlanmamıştır. Bu çalışmada transkriptom 

analizi uygulamaları ile N. alba türünde AOX sentezinden sorumlu genlerin tanımlanmasını amaçlanmıştır. 

Trinotate aracılığı ile 272934 unigenin tanımlaması yapılarak, bilinen alternatif oksidazlarda karakterize edilmiş 

AOX domainlerini içeren 77 transkriptin dizisi ortaya çıkarılmıştır. Bu 77 transkriptin bilinen AOX proteinlerine 

karşı Blast analizleri ile N. alba türüne ait üç ayrı AOX geni (AOX1, AOX2 and AOX4) tespit edilmiştir. In silico 

hücre içi lokalizasyon analizine göre AOX1 ve AOX2 proteinleri mitokondriyal, AOX4 ise plastidik alternatif 

oksidaz proteinidir. Şablon bazlı yapısal modelleme sonuçları, tanımlanmış bu proteinlerin model verilerinin, 

başka türlerde karşılık geldiği AOX proteinlerinin bilinen yapı modellerine istatistiksel olarak benzer olduğunu 

göstermiştir. 
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I. INTRODUCTION 

 
Water lilies are ornamental plants found in ponds, rivers and lakes. They are classified under 

Nymphaeaceae family. About 40 different species have been classified that Nymphaea species are 

considered as economically valuable plants [1]. Nymphaea alba L. is preferred in landscape 

arrangements, vegetable cultivation and medical applications. It was shown that the substances found in 

plant leaves showed anti-anxiety, antioxidant and anti-carcinogenic effects [2]. In addition, it has been 

found that Nymphaea alba (N. alba) leaves and roots have an effect on inflammatory cuts and fecal 

ulcers [3], [4].  To date, most of the studies on water lilies, including the N. alba species, have been 

focused on general structural features of plants. At the molecular level, the major group of studies is on 

genetic barcoding and phylogenetic properties of N. alba. These studies revealed that N. alba has an 

important place in plant variation analysis by being in the basal angiosperm group [5], [6]. Even though 

economic value of N. alba is high, studies on the cultivation of the plant have not been successful due 

to the limitations in the propagation properties of N. alba [7] and lack of molecular data on the species. 

Intracellular signal transduction pathways are biochemical communication tools that serve for both 

maintaining cellular activity during normal conditions and allowing cells to control their defense 

mechanisms under stress conditions. Mitochondrial retrograde signaling pathway stimulates nuclear 

gene expression by transmitting biochemical signals to the cell nucleus to protect mitochondrial 

function. Diverse groups of proteins have been described among different kingdoms as key regulators 

for the mitochondrial retrograde signaling pathway. In plants, alternative oxidases are proteins 

synthesized from the AOX genes, and they play a key role in the transduction of biochemical signals 

after activation of mitochondrial retrograde signaling [8]–[10]. In general, alternative oxidases are 

enzymes of the terminal oxidase the reduction of molecular oxygen to water. Alternative oxidases are 

members of the di-iron family of non-carboxylases [11], consisting of four conserved helix bundles 

coordinated for two iron binding sites with four conserved glycated amide and two histidine amino acid 

motifs.  

 

The high degree conversation of AOX sequences can be found in catalytic core domains of AOX 

proteins while N-terminal region and contacting residues are highly variable among species. 

Mitochondrial and plastid alternative oxidases are distributed among diverse organisms. It is considered 

that only a minority of lineages shows complete loss of the AOX encoding genes like Archaebacteria. 

Phylogenetic origin of alternative oxidases is still not clear since available sequences are limited to 

certain species. Studies suggest a monophyletic origin in Eukaryotes and Eubacteria. It is also considered 

that origin of fungal AOX genes is independent from Eukaryotes and Eubacteria [12], [13].  

 

Mutation studies on AOX genes in plants have shown that AOX protein activity is necessary for the 

resistance to various stress conditions such as oxidative stress [14]–[16] cold stress and oxygen 

deficiency [17]. In addition, plants lacking AOX2 protein activity lost their ability to reproduce and 

grow. It was also shown that the increase of alternative oxidase expression levels were directly linked 

to tissues in microsporogenesis and vegetative reproductive cycle [18]. In this context, the genes 

responsible for alternative oxidase synthesis should be among the genes that should be examined 

primarily in the examination of reproduction and development characteristics in plants. 

 

In this study, we aimed to annotate Nymphaea alba transcriptome data and identify alternative oxidase 

encoding genes. The data presented in the study can be used as a comprehensive molecular data source. 

 

II. MATERIALS AND METHODS 

 
A. PLANT SAMPLES 
Fresh N. alba samples were collected around noon time from Abant Lake from exact coordinates of N 

40º35’58,1352”, E 31 º16’38,1864” in Turkey. After rinsing the samples with pure water, they were 

dissected into 5 pieces as petal, stamen, leaf, petiole and root, and immediately frozen in liquid nitrogen. 
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B. METHODS 

 

B. 1. Preparation of Pooled cDNA Library 
 

Total RNA was isolated from all tissues separately via TRIZol® Plus RNA purification kit (Invitrogen). 

Briefly, samples were homogenized in the presence of guanidine isothiocyanate. Then, homogenates 

were treated with ethanol. Subsequently, homogenates were transferred to the tubes containing silica-

based membrane, and RNA molecules were retained in the membrane. RNA molecules were separated 

by centrifuge from the membrane using RNase-free pure water. mRNA molecules from isolated total 

RNA samples were separated using magnetic beads containing poly-oligoT (Promega).  cDNA library 

was prepared using the TruSeq Stranded mRNA Library Prep kit (Illumina). mRNA samples from each 

tissue were collected in a pool with a concentration of 50 ng/μl. After the combined mRNA samples were 

fragmented, first strand synthesis was performed by means of hybrid primers using the SuperScript II 

reverse transcriptase enzyme. The second strand synthesis was carried out by incubating the specimen 

in the specific mixture containing the DNA polymerase I and RNase H with the purpose of synthesizing 

the DNA strand by removing the RNA strand. Adenine molecules were added to the 3 'ends of the DNA 

fragments to prevent the fusion of the cDNA fragments to the ends. Adenine molecules were then added 

to the ends of the fragments, followed by adapter 1 and adapter 2 ligation reactions. The samples were 

amplified by PCR reaction consisting of 15 cycles. 

 

B. 2. Transcriptome Sequencing, De Novo Assembly and Bioinformatics Analysis 
 

Transcriptome sequencing from cDNA library and preliminary bioinformatics analysis (de novo 

assembly and Trinotate annotation) were performed at Source BioScience core facilities located in 

Germany. Rest of the bioinformatics analysis was carried out in our laboratory.  

  

Paired end 100bp sequence readings were collected using Illumina HiSeq™ 2000 platform.   Raw reads 

were processed for adapter and quality trimming using Skewer tool (version 0.1) [19] with default 

parameters. De novo assembly protocol followed by using the Trinity package (version 2014-07-17) 

using default parameters (k-mer=25) [20]. For the assessment of assembly data, assembly data was used 

as the reference to map the raw sequence reads by using Tophat2 (v2.1.1)  [21] with the parameters: 

max-intron-length: 1000, min-intron-length: 10, microexon-search,  b2: very-sensitive, and max-

multihits: 1.  Assembled contigs were annotated using a collection of well-known tools and databases, 

such as Swiss-Prot, Pfam, and Eggnog. Results were collected and merged into a comprehensive 

annotation report using Trinotate software (v3.0.0) (http://trinotate.github.io/) using default parameters. 

Data was processed through the NCBI non-redundant nucleotide (NT) and protein (NR) databases 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi), protein families (Pfam) database (http://pfam.xfam.org), in 

the Clusters of Orthologous Groups of protein database (COG, http://eggnogdb.embl.de), on KEGG 

Automatic Annotation Server (https://www.genome.jp/kegg/kaas/). Assessment of transcriptome data 

was carried out using BUSCO tool (v4.0.6) [22] using viridiplantae_odb10 (2019-11-20) and 

eukaryota_odb10 (2019-11-20) datasets.   

 

B. 3. Identification of AOX Genes 
 

Annotation analysis revealed that 77 contigs from transcriptome data showed AOX gene signatures. To 

confirm and specify AOX encoding genes, we carried out BLAST analysis against known AOX 

proteins. For this purpose, we executed the standalone version of BLASTP with the Perl code we 

customized that is compatible with the Bioperl module [23]. To carry out BLAST analysis, the database 

file was created by the Formatdb tool using 841 different AOX protein sequences downloaded from 

NCBI protein database. Each of putative AOX sequences was processed through the BLAST code 

against the AOX protein sequence database.   
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B. 4. Bioinformatics Analysis of AOX Sequences 
 

Sequence comparison by multiple sequence alignment analysis was carried out using the Clustal Omega 

server [24]. Aligned sequences further processed to analyze aligned motif regions using Jalview 

workbench software [25]. Possible intracellular location predictions of identified AOX proteins were 

calculated using the TargetP [26] and MitoProt [27] server tools. For phylogenetic analysis we 

downloaded amino acid sequences of alternative oxidase orthologs for 18 selected species in addition 

to N. alba AOX isoforms. Multiple sequence alignments were carried out using the ClustalW tool 

(version 2.1) with the default settings [28]. The tree was constructed using FastTree (version 2.1.8) 

server with the default parameters [29]. Three-dimensional structures of proteins were predicted using 

RaptorX software [30] with default settings. 

 

III. RESULTS 
 

A. NYMPHAEA ALBA TRANSCRIPTOME ANALYSIS 
 

A. 1. Sequencing and De Novo Assembly of N. alba Transcriptome 
 

Next Generation sequence analysis was carried out from RNA samples pooled from different tissues to 

cover all expressed genes in the whole plant. Pairwise sequence analysis resulted in 346,351,240 raw 

reads. After the adaptor and quality trimming, the reads were collapsed into 430,618 assembled 

transcripts(contigs) representing 272,934 unigenes. Mapping the raw reads on assembled transcripts 

showed that the assembled transcripts are represented by 50.8% overall read mapping rate.  The 

summary for sequence analysis is presented in Table 1.   

 

Table 1. Summary for N. alba transcriptome assembly and functional annotation statistics. 

ASSEMBY STATISTICS 

Total 

Unigenes 

Total 

Contigs 
Percent GC 

Contig 

N50 

Median Contig 

Length 

Avarage Contig 

Length 

272,934 430,618 42.26 880 354 604.33 

DATABASE STATISTICS 

 

Reference Database 

Swiss-Prot 

(BLASTX) 

Swiss-Prot 

(BLASTP) 
Pfam EggNOG TOTAL 

Contigs 20713 14212 11509 9348 21205 

Unigenes 20341 13936 11276 9297 20809 

De novo assembly carried out using Trinity package (version 2014-07-17). Annotation report data 

obtained using Trinotate software. Cluster analysis was carried out by a Perl cluster tool (available 

from https://github.com/esunlu). 

 

Figure 1 represents the contig length distribution.  The sequence N50, which is larger than the average 

fragment length, indicates that the transcripts in question are significantly assembled. Raw sequence 

reads have been deposited at NCBI Sequence Read Archive (SRA) under SRP149065 accession (NCBI 

Bioproject accession: PRJNA472003). 

https://github.com/esunlu
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Figure 1. Length distribution of de novo assembled contigs of Nymphaea alba transcriptome data: Length 

calculations were carried out using sequences assembled with Trinity tool. 

 

A. 2. Functional Annotation of N. alba Transcriptome Assembly 
 

Using the Trinotate tool, databases such as Swiss-Prot, PFAM, and EggNOG were scanned. After the 

removal of contaminants and collapsing the putative unigenes matching to same gene, and a total of 

21205 transcript were matched to at least one annotated protein yielding 20809 unigenes. Distribution 

of annotated transcripts regarding the database type is presented in Table 1. Figure 2 represents the 

BUSCO analysis summaries. We compared the collapsed and raw assembly data to N. nucifera (Chinese 

lotus) (NCBI RefSeq assembly accession GCF_000365185.1) since it is considered as a close relative 

to N. alba with an available reference genome. We used Viridiplantae and Eukaryota datasets. The 

results indicated high degree of duplicated genes for N. alba and N. lotus. Data also shows that collapsing 

was successful at removing duplicated genes. This Transcriptome Shotgun Assembly project has been 

deposited at DDBJ/EMBL/GenBank under the accession GGUL00000000. The version described in this 

paper is the first version, GGUL01000000. 

 
Figure 2. Summary of Nymphaea alba transcriptome BUSCO assessments: Analysis summarized for filtered and 

raw assembly data. Nelumbo nucifera reference assemble (RefSeq: GCF_000365185.1) was used as a control 

reference Datasets used for analysis were indicated between parentheses. 
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Clustering GO annotations under “biological process”, “molecular function”, “cellular component” 

terms were carried out by retrieving available GO terms assigned for 20809 unigenes identified from 

Swiss-Prot BLASTX/BLASTP database.  Following cluster analysis, we were able to retrieve 72630 

available GO term matches for 12676/20809 unigenes. 36.7% of the GO term matches (26639 hits, 9462 

unigenes)) with the highest distribution value were obtained for biological process cluster, followed by 

34.8% molecular function biological process (25259 hits, 10124 unigenes) and 28.5% cellular 

component (20732 hits, 977 unigenes) clusters. The general functional distribution graph of the 

sequences is presented in Figure 3 (a). The summary for the distribution of unigenes affiliated with 

corresponding GO terms is given in Figure 3 (b). 

 

 
Figure 3. Functional annotation of Nymphaea alba transcriptome: (a) General GO term distribution of 

unigenes; (b) Histogram representation of gene ontology classification of Nymphaea alba unigenes. Based on 

unigene matches in Swiss-Prot database, 10 terms with highest unigene number for three functional categories 

(Biological Process, Cellular Component and Molecular Function) are represented. 
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9297 unigenes annotated through the EggNOG database search were analyzed for their orthologous 

groups. We predicted a total of 13683 protein matches under COG, KOG, NOG, euNOG and opiNOG 

orthologous groups. Detailed analysis of COG categories showed that 12469 protein matches were 

predicted for 8041 unigenes (Figure 4 (a)).  “General function prediction only” functional category 

showed the largest protein matches (18.68%) that followed by protein matches under “Replication, 

recombination and repair” category (11.52%), “Transcription” category (11.48%), “Signal transduction 

mechanisms” category (10.54) and “Posttranslational modification, protein turnover, chaperones” 

category (6.55%), respectively. 

 

 
Figure 4. Gene ontology and KEGG distributions of Nymphaea alba transcriptome: (a) COG distributions of 

Nymphaea alba transcriptome (b) KEGG pathway distribution of Nymphaea alba transcriptome. Custom Perl 

codes were used to calculate the number of unigenes classified under five KO categories: Metabolism (A), 

Genetic Information Processing (B), Environmental Information Processing (C), Cellular Processes (D) and 

Organismal Systems (E).  
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2566 KO entries were detected for 6382 of 20809 identified unigenes. The unigenes along with 

corresponding KO entries were processed under five main KEGG categories. The analysis resulted in 

12552 matches representing 309 KEGG pathways. The highest number of hits was represented under 

metabolism category (57.49%) that was followed by organismal systems (12.71%), genetic information 

processing (10.73%), cellular processes (9.56%) and environmental information processing (9.51%) 

categories, respectively (Figure 4 (b)). 

 

B. IDENTIFICATION AND IN SILICO CHARACTERIZATION OF AOX GENES 
 

B. 1. Identification of AOX Encoding Genes 
 

BLAST analysis against known alternative oxidase proteins revealed three distinct AOX encoding 

genes. Three protein sequences are defined by their high similarity to the proteins belonging to different 

AOX family members. The transcript sequences of these proteins were extracted from the sequence 

assembly data. After comparing similarity scores of the sequences to known AOX protein sequences, 

we classified them as AOX1, AOX2 and AOX4, respectively. Detailed sequence information is also 

available from NCBI GenBank database with MK575586 (AOX1), MK575587 (AOX2) and MK575588 

(AOX4) accession numbers. BLAST results revealed that named AOX transcripts show close similarity 

to known functional domain regions of 10 species. Multiple sequence alignment comparison shows that 

functional AOX domains (LET, NERMHL LEEEA and RADE__H) are well conserved for N. alba 

AOX proteins. The amino acids required for iron-binding (E202, E241, H244, E292, E343 and H346 for AOX1; 

E214, E253, H256, E304, E355 and H358 for AOX2; E256, E295, H298, E347, E416 and H419 for AOX4) were also 

conserved for each peptide sequence of AOX transcripts (Figure 5). 

 
Figure 5. Multiple sequence alignment of conserved active domain in predicted Nymphaea alba AOX proteins: 

Clustal Omega multiple sequence alignment analysis results are shown for known AOX motifs (LET, NERMHL, 

LEEEAH and RADE_ _AH) sequences. Exact motif regions are indicated with underline. Black rectangle shows 

suggested iron binding sites. Numbers above the alignment shows amino acid coordinates for AOX sequences of 

N. alba. 
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We also analyzed the phylogenetic distribution of AOX orthologs among distant plant species (Figure 

6). AOX4 orthologs merged under separate monophyletic group (BS=100) that was diverged from 

mitochondrial AOX orthologs not only for N. alba but also for other species included in analysis. Data 

also shows mitochondrial AOX isoforms are structured in two monophyletic (Rosids (Eudicots) and 

Commelinids (Monocots)) and one paraphyletic (Asterids) clusters.  The evolutionary positions of N. 

alba AOX isoforms are structured as a separate polyphyletic group (ANITA grade) from the others.  

 

 

 
Figure 6. Phylogenetic tree analysis of AOX peptide sequences: Nymphaea alba sequences were analyzed 

against different AOX orthologs (*AOX1; **AOX2; ***AOX4). Numbers in parenthesis represents the NCBI GI 

number of AOX records for the corresponding species. 

 

B. 2. In Silico Prediction of Subcellular Locations of AOX Proteins 
 

Intracellular location profiles of the putative AOX proteins were estimated using the TargetP server tool 

[26]. Table 2 summarizes the calculated data to predict subcellular locations of predicted AOX proteins. 

The analytical relevance we found giving consistent results to the AOX protein groups identified in 

other species. To test mitochondrial localization predictions AOX1 and AOX2 sequences were 

reanalyzed with the MitoPROT program [27], which was designed to perform mitochondrial location 

analysis only in order to confirm the data. In our analysis, AOX1 0.9804 and AOX2 0.9672, 

mitochondrial location estimates were obtained. 

 

Table 2. In silico prediction of AOX protein subcellular localization. 

Protein Length cTP mTP SP Other RC Predicted 

Location 
AOX1 345 0.511 0.766 0.011 0.014 4 M 

AOX2 342 0.179 0.792 0.015 0. 021 2 M 

AOX4 353 0.930 0.085 0.015 0.019 1 C 
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Data obtained using TargetP server tool.  C, chloroplast; M, mitochondria; cTP, chloroplast transit 

peptide; mTP, mitochondrial targeting peptide, SP, signal peptide, RC, Reliability class. 

B. 3. Predictions of 3-D structures of N. alba AOX proteins.  
 

Three-dimensional folding structures of N. alba AOX proteins have been constructed to examine 

whether the identified AOX proteins show similar folding structure to known AOX protein constructs 

by using The RaptorX program. The results obtained from the analysis are shown in Table 3 and the 

three-dimensional structure models are shown in Figure 7. uGDT (GDT), uSeqId (SeqId) and p-values 

conform with statistical significance of constructed models. Three-dimensional structure models show 

similar folding structures that were previously proposed for alternative oxidases [31]. 

 

 
Figure 7. Three-dimensional structure predictions for Nymphaea alba AOX proteins: Structure models for each 

identified AOX proteins were predicted using RaptorX server. (a) Known model of AOX proteins (Redrawn from 

[31] ; (b) structure model for AOX1; (c) structure model for AOX2; (d) structure model for AOX4. 

 

 

Table 3. Three-dimensional structure calculation results of the identified AOX protein sequences. 

Protein P-value uGDT(GDT) uSeqId(SeqId) Score 

AOX1 1.21e-06 196(85) 91(39) 194 

AOX2 1.12e-06 192(83) 93(40) 204 

AOX4 1.09e-05 155(55) 47(17) 150 

Data obtained predicted AOX structure models represented in Figure 5. The p-value is the likelihood of 

a predicted model; GDT, global distance test value; uGDT, unnormalized GDT score; SeqId, number 

of identical residues in the alignment; uSeqId, normalized SeqId value; Score, alignment score. 

 

IV. DISCUSSION 
 

A. DE NOVO TRANSCRIPTOME ANNOTATION OF N. ALBA 
 

In this study, pooled RNA samples were sequenced to annotate expressed mRNA sequences of N. alba. 

De novo assembly protocol resulted in 272,934 unigenes. Unigenes are defined as the sequences that 
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cannot be extended on either end during the de novo assembly process, thus can be considered as a 

transcript encoded from a reference gene [32]. According to quality assessments a little bit more than 

the half of raw sequence reads were covered in the assembled transcripts. The BUSCO analysis showed 

high degree of duplicated genes. The data can be explained by whole genome duplication event during 

the evolutionary process and high polyploidy levels. Indeed, it is known that polyploidy is common 

among Nymphaeales [33] and N. nucifera [34]. However, available genome data is limited for 

Nymphaea species (especially Nymphaea alba), it would be unwise to drive a concrete conclusion. In 

addition, data suggest the annotated transcripts covers %77 of the genes listed in Viridiplantae database 

and % 85.1 of the genes in Eukaryota database. Since the study covers the expressed transcripts, more 

comprehensive data can be obtained by sequencing the transcripts from samples collected from diverse 

environmental conditions or by whole genome sequencing analysis.  

 

Functional annotation of assembled sequences was carried out by searching the sequences in several 

databases (Swiss-Prot (BLASTX/BLASTP); EggNOG; PFAM).  We were able to annotate 20809 of 

assembled unigenes with a functional protein which is close to estimated number of genes for plant 

species in average. For GO term clustering, we were able to assign at least one GO term for 60.9% of 

20809 unigenes. The highest distribution was obtained for biological process clustered unigenes. Report 

on transcriptome annotation among diverse plants can vary due to the state of plant samples upon 

sampling [35]. The results suggest that the unigenes are functionally important for structural regulation, 

cellular signaling and development. 2.56% of clustered unigenes were closer to bacteria, archaea and 

fungi. That could be due to evolutionary consequences, but there is always a chance of contamination 

issues for transcriptome studies carried out with plant samples collected from the field [36].  

 

We also compared the phylogenetic topology of AOX orthologs. Tree topologies of AOX1 and AOX2 

shows that AOX4 evolutionary diverged from the descendants of mitochondrial AOX isoforms. On 

the other hand, data suggest that evolution of mitochondrial AOX gene families were originated from 

a common ancestor. Structure topology is consistent with the previous study where land plants are 

clearly grouped under separate monophyletic groups [13]. The polyphyletic position of mitochondrial 

and chloroplast AOX isoforms of N. alba is expected due to the evolutionary position of the species. 

As a member of ANITA grade, N. alba is classified under the Nymphaeales order which is evolved 

from the lineage leading to most of known plants.  

 

B. IDENTIFICATION OF N. ALBA ALTERNATIVE OXIDASE ENCODING GENES 
 

From assembled transcripts, 77 contigs with AOX signatures were analyzed with BLAST against known 

AOX proteins. Comparative approach revealed three transcripts (AOX1, AOX2, AOX4) with full-length 

ORF sequence information encoding AOX proteins. Our analysis failed to identify AOX3 as a conserved 

AOX protein. AOX3 was first identified in Glycine max and 5 other plant species according to NCBI 

database by June 2020 [37] . It was also considered as a variant of AOX1 gene family [38]. Studies 

suggest that expression of AOX genes can be different among groups, depending on the specific growth 

conditions and the tissues [39]. In this study, the plant samples were collected from nature and we had 

no control on growth conditions. This may have limited the number of isolated AOX variants. 

 

Sequence alignment analysis showed that amino acids responsible for iron-binding sites were well 

conserved. Glutamate and histidine residues required for iron-binding, and catalytic activity were 

conserved within four motif regions (LET, NERMH, LEEEA and RADE_ _H regions) [14], [40], [41]. 

Although they were conserved among compared species, there is an obvious difference for sets of amino 

acids within motif regions when AOX1 and AOX2 proteins were compared to AOX4 sequence. 

Identified AOX4 protein is a plastid terminal oxidase that is similar to previously identified immutant 

AOX protein in Arabidopsis thaliana and some other plant species (Berthold and Stenmark 2003). The 

differences in AOX4 motif regions are also conserved among other immutant AOX proteins [42].  

Evolutionary divergence of AOX4 gene shows a similar pattern obtained for chloroplast genome 

comparisons in ANITA clade [43]. On the other hand, phylogenetic tree topologies are different for 

AOX1 and AOX2 when compared to each other and to AOX4 protein. Data suggest that evolution of 
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three alternative oxidases were independent from each other. Indeed, more detailed data for diverse plant 

species is required before giving a precise conclusion.    

 

Three-dimensional structure analysis of identified AOX proteins showed folding structure that the 

estimated models conformed to the characteristic structure models of known AOX proteins. When these 

structures are examined, the characteristic sequential alpha-helix strand form is preserved in both AOX 

proteins. These constructs show high similarity to known 3-dimensional AOX models, and  they support 

that the proteins are AOX proteins [14], [31], [41]. Data suggest that the model presented for all three 

proteins are statistically correct. Especially, AOX1 and AOX2 show that the model is constructed 

correctly in terms of all parameters. However, AOX4 uSeqId (SeqId) value is low even though the p-

value and uGDT (GDT) values are above the required threshold values. The uSeqID value is essentially 

a measure of the level of affinity of the sequence used as a source of the protein of interest. Since AOX4 

proteins are less studied compared to other AOX proteins, it is expected to have a lower uSeqID value. 

The most important value in these parameters is the uGDT (GDT) parameter, and the results above 50 

are an important criterion for indicating the accuracy of the model [44]. Indeed, more accurate structural 

validation models can only be achieved by analyzing functional changes on purified AOX proteins 

supported with the data obtained from mutant AOX proteins. 

 

V. CONCLUSIONS 
 

In conclusion, this is the first study presenting a comprehensive gene annotation for Nymphaea alba. 

The data presented will be useful for detailed functional genomic approaches. Especially, qPCR-based 

investigation of AOX gene expression profiles under diverse seasonal and growth-dependent conditions 

should increase our understanding for N. alba behavior at molecular level. Three identified AOX genes 

can also be targeted for functional studies to improve cultivation techniques and for evolutionary studies 

considering N. alba as a member of the basal angiosperm group.  
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