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reaction is regularly catalyzed by L-GalLDH enzyme and FAD-linked enzyme of the Vanilly l- Alcohol 
Oxidase (VAO) flavor protein family that uses c -type cytochrome (cytc) as its electron acceptor. The 
activity of this enzyme is very important to regulate of the L-ascorbate pathway because photosynthetic 
eukaryotes cannot produce AA if this enzyme is not present [1]and [3]. Previous research studies had 
revealed that the location of L-GalLDH is in Mitochondria in association with respiratory complex I[3].The 
activity of this enzyme is widely found in flowering plant species but the informationis hardly found in the 
groups of non-flowering plants like moss (Bryophyte), ferns (Skipemoss) and eukaryotic algae [2] and [4].It 
has been observed that some species of the non-flowering plants are able to generate a low concentration of 
AA because of having low content of this enzyme and also the occurrence of L-isomer in eukaryotic algae 
has been confirmed by the ascorbic oxidase (AO) assay [5] and [6].There is evidence that non-flowering 
plants contain a low concentration of the L-GalLDH enzyme and produce ascorbate via the oxidation of the 
Mannose/L-Galactose pathway, due to the nonappearance of label inversion and competent conversion of L-
[14C] Galactose and D-[14C] Mannose to AA [7], [8] and [9]. In addition, a few number of research studies on 
other photosynthetic Protists proposed that Chrysophyta, Euglenophyta and Bacillariophyta may not be able 
to produce ascorbate through the Mannose/L-galactose pathway as hexose precursor is inverted from 
radiolabelling researches which is not expected by the Mannose/L-galactose pathway [10], [11] and [12]. In 
all photosynthetic organisms that synthesize AA, the last step is the oxidation of an aldono-1,4-lactone. As 
explained above, the L-GalLDH of land plants is a dehydrogenase enzyme and, where substrate specificity 
has been determined, this enzyme is very specific for L-galactose [13] and [14]. Unlike photosynthetic 
plants, animals and protists utilize L-gulonolactone (L-GulL) as their ascorbate precursor. In addition, fungi 
possess a C5 analogue, D-erythroascorbate, generated from D-arabinonolactone [15], [16] and [17]. Here, 
phylogenetic analysis will be performed to show the evolutionary relationship of this enzyme among 
vascular and nonvascular plants. Furthermore, biochemical experimentwill beused to investigate the 
presence or absence of L-GalLDH activity from the species of five groups: including Vascular plant, 
Bryophyta, Petridophyta, Rhodophyat, Chlorophyta. These species have not been tested, yet.  

Material and Method 
Assemble and align protein databases 
     In order to estimate sequence similarities and evolutionary relationships between different L-GalLDHsin 
vascular and nonvascular plants, phylogenetic tree will be constructed. First of all, Because the sequences of 
L-GalLDHof Arabidopsis thaliana were already available in the genomic sequences of National Center for 
Biotechnology Information(NCBIweb site), These L-GalLDH sequences were used as Blast query sequences 
to search for the available database (original dataset). After that, the complete homologous sequences 
(Identity= 50% to 100%), which is available in the publicly original database, were downloaded.  

Phylogenetic tree of similar L-GalDHseuquences in photosynthetic eukaryotes 
     Phylogenetic tree for L-GalDH sequences was performed by means of Molecular Evolutionary Genetics 
Analysis version five (MEGA6.06). The MEGA6, which is accurate and sensitive method, can provide 
multiple sequence alignment (MSA) algorithm and maximum likelihood (ML) method. We used the 
MUSCLE alignment algorithm to align the collecting homologous sequences of L-GalDH (Identity= 50% to 
100%) because the accuracy and speed of MUSCLE tool is extremely higher than ClustalW and also it takes 
a less time than ClustalW when aligning larger numbers of sequences [18] and [19]. The phylogenetic tree 
was then constructed. 

The presence of L-GalLDH activityin vascular and non-vascular plants may be related to 
their evolutions 
     Plastids are major double-membrane organelle. They are existent in the different groups of all the 
vascular and some non-vascular plants. By the existence of plastids originated from primary endosymbiosis, 
the members of these groups have been recently classified [20]. The plastids are possibly increasing because 
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of the photosynthetic eukaryotes achieved the capability to change sun light into chemical energy, between 
1-1.5 billion years ago, via endosymbiosis with a single Cyanophyta [21]. In recent years, seaweeds based on 
plastids have been classified into three major groups: red algae (have Rhodoplasts), green algae (have 
chloroplasts) and brown algae (Phaeophyceae) [22]. However, there were disagreements of the classification 
of these three groups, between Protista and Plantae [23]. As more research studies conducted, there have 
been several proofs and information that vascular plants, mosses, ferns and eukaryotic algae have been as 
sister clades. These evidences were the high similarities in DNA, gene and protein sequences between algal 
chloroplast and mitochondrial genomes and those of land plants, provided by a multi-genetic investigation of 
a fusion of thirteen nuclear markers [24], [25] and [26]. We hypothesized that the ascorbate pathways of 
different lineages of photosynthetic eukaryotes have a very close evolutionary relationship with each other. 
Phylogenetic tree is constructed to elucidate this relationship. It shows that the ascorbate biosynthesis 
pathway of mosses and ferns is more similar to one another than either is to vascular plants. The vascular 
plants diverged from them and that the differences between them happened more recently (Figure: 1). It can 
be also seen that the pathways of green, red and brown algae have a very close similarity with each other. 
The differences between red and brown algae happened more recently but the variation in green algae 
occurred more rapidly. There is evidence that the ascorbate biosynthesis pathway of red algae has been 
recently discovered and it is related to green algae. It can possibly be suggested that this pathway could be 
similar to those in green plants [25] and [27].More recent genetic studies have shown that the eukaryotic 
algae are more distantly related to other vascular plants, having radiated evolutionarily at the base of the 
vascular plant clade. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure-1:Phylogenetic tree of ascorbate biosynthesis pathway. The pathways in the lineages of photosynthetic plants 
have the evolutionary relationship with each other. It appears that plants, mosses and ferns are more similar than to one 
anther than either is to eukaryotic algae because they are descendent from a common ancestor and grouped in a clade. 

 
The occurrence of L-Gaildhactivityin ascorbate pathway from photosynthetic eukaryotes may 
be related to their evolutions. 
     L-GalLDH (EC:1.3.2.3) enzyme belongs to the family of FAD_binding_4(PF01565). This family 
includes different enzymes that utilize FAD as a cofactor. Most of the enzymes are similar to oxygen 
oxidoreductase. According a research study conducted by Smirnoff and his colleagues in 2001, in vascular 
and non-vascular plants, different genes responsible for encoding the mitochondrial GalLDH are evolved 
[19]. In recent time, these different genes in the Mitochondria of most land plants and some seaweed have 
been sequentially investigated and analyzed. It is hypothesized that these L-GalLDH proteins in various 
species are sequentially and structurally similar and have an evolutionary relationship with each other. 
Phylogenetic tree based on comparison of homologous sequences for this enzyme from a variety of 
photosynthetic eukaryotes was constructed to show sequence similarity and evolutionary relationship. It 
showed that different L-GalLDHs in different species are descendent from a single common ancestor via 
gene duplication events at the early stage of evolution (Figure: 2). They are combined into one big tree. It 
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appears that the different genes in different species encode similar L-GalLDH because these different genes 
are evolved from a common ancestral gene via gene duplication events. The different L-GalLDHs have 
similar domains; therefore, they have similar functions in the intrinsic pathway of L-galactose. It can be seen 
that the tree was diverged into two major groups; group I and group II. The group I includes flowering and 
flowerless plants. It is vertically diverged into the clades of monocots and eudicots, mosses, ferns and 
eukaryotic algae for some reason of variation has occurred. The L-GalLDH enzymes in monocots have a 
very close sequence similarity to eudicots; therefore, they are combined together into two sister groups. 
However, the L-GalLDH sequences in ferns and mosses are more similar to one another than either is to 
eukaryotic algae because the fewest residual changes are happened.  It can be detected that there are two 
different types of homology between different genes .Firstly, the paralogs include two types; out-paralogs 
and In-paralogs. The out-paraologs are paralogs that were duplicated before the speciation events but they 
are not necessarily in the same species (figure: 2). These are descended in the common ancestor of the pair 
of species. These proteins may have arranged in separate species through the loss of the reciprocal partner. In 
the figure shown, protein pairs Arabidopsis thaliana [AAO64860.1]-Arabidopsis lyrata [EFH52130.1] and 
Capsella rubella [EOA23228.1]-Eutremasalsugineum [ESQ45768.1] are out paralogs (in separate species, 
and descended from a more ancient shared duplication event). The in-paralogs in the same species may be 
evolved from a common ancestor via duplication events. For example, Arabidopsis thaliana contain four 
similar enzymes (Accession number: [AEE78347.1], [BAA95212.1], [AEE78348.1] and [AAO64860.1]) 
descended from a single ancestral gene (Figure: 2). The L-GalLDH is encoded by one gene (At3g47930) in 
Arabidopsis[9]. As shown in figure 3a, the sequence of [AEE78347.1] and [BAA95212.1] show the fewest 
residual changes and highest sequence similarity (identity=99%), so they are combined together in a clade. 
In addition, the fewest residual differences are shown between sequences of [AEE78348.1] and 
[AAO64860.1]: therefore, these are combined with previous sequences. Secondly, some species contain only 
one protein called as orthologs. The orthologs from different species are produced via speciation events. In 
the figure demonstrated, Chlorella variabilis [EFN51214.1] and Coccomyxasubellipsoidea C-169 
[EIE19735.1] have high residual variations (Figure: 2). The identity value is 55%. They have the lowest 
similarity in the middle of the sequences (Figure: 3b). However, Group II which diverged from a common 
ancestor of Group I and that the difference between vascular and non-vascular plants occurred more recently, 
but undergone more raped variation since. It appears that the L-GalLDH sequences in the chlorophyta and 
Haptophyta species are more similar to one another than either is to rhodophyta species because the 
Rhdophyta may be evolved from a common ancestor of chlorophyta via speciation events (figure: 2). 
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Tabel-1: Comparison of enzyme involved in the final step in the biosynthetic pathway of either ascorbate or 
erythroascorbic acid in the three kingdoms. 

Animal Fungi Plant Features 

chicken and rat 
enzymes. 

 

Saccharomyces cerevisiae and 
Candida albicans enzymes. 

Arabidopsis thaliana, 
Solanumtuberosum,  Spinach, and 

Cauliflower enzymes. 
Example 

L-gulonolactone 
oxidase (L-gulLO) 

AraL Oxidase (AraLO) 
L-Galactono-1, 4-Lactone 

Dehydrogenase (L-GalLDH) 
Enzyme 

1.1.3.8 1.1.3.24 1.3.2.3 E.C. Number 

Microsomes Mitochondria Mitochondria 
Subcellular-
compartment 

Ascorbate D-Erythroascorbic acid Ascorbate Product 
Covalent flavin Covalent flavin Non-covalent flavin Prosthetic group 

O2 O2 Cytochrome c Electron acceptor 

87 87 100 L-Galactone-1,4-lacton 

0 100 0 D-AraL 

100 24 0-20 L-GuIl 

-* 85 0 D-Xylonolactone 

56-60 51 56 
Native molecular mass 
(KD) 

 
-*= undetermined 

 
Material and Method 
1- Plant materials 
     In a laboratory experiment, the species of five different plant classes were investigated in order to 
determine the presence or absence of an activity L-GalLDH. Vascular plants are green plant, Bryophytes 
(mosses) and Pteridophytas (ferns) but non vascular plants areChlorophytes (green algae),Phaeophyceaes 
(brown algae)andRhodophyta (red algae). From the vascular plant, Pisumsativumwas taken as a control 
because there is evidence that it contains the L-GalLDH enzyme. However, three species of the 
Chlorophytes were collectedin the sea; Blindingia minima,CaulerpaandUlvalactuca; while,the class 
Phaeophyceae included Hesperophycuscalifornicus, Fucusgardneri, Ascophyllumand Chlorodesmis. The 
class Rhodophyta included Palmariapalmata, Porphyrapurpureaand Gracilaria. On the other hand, the 
Bryophyte species included: Orthotrichumcrassifolium, Bryumcapillareand Tortulamuralis and also the 
Pteridophytaspecies:Aspleniumscolopendrium, Aspleniumtrichomanesand Athrium optophorum. The 
members of mosses and ferns were collected in facilities belonging to the University of Exeter. There was no 
evidence about whether these species of Bryophyte, Pteridophyta, Phaeophyceae, Rhodophyta and 
Chlorophyte contain the L-GalLDH enzymes or not, so that we will investigate some species of these 
lineages to determine the presence or absences of an activity of the L-GalLDH. 
 
2- Subcellular Fractionation 
     The following procedures were carried out at 4°C. In this experiment, The plant leaves of each sample 
were homogenized in extraction medium (30 mM 3-[Nmorpholino]-propanesulfonic acid [MOPS], pH 7.5, 
0.2% [w/v] bovine serum albumin [BSA], 4 mMCys, 0.35 Mmannitol, 1% [w/v] PVP 40, 25 mM Na4P2O7, 
and 2 mM EDTA) at an amount of 1 gm of leave tissue per 5 mL of extraction medium, in a homogenizer. 
The homogenate could be cleaned via 4 layers of cotton cloth and centrifuged at 2,200gfor 5 min to attain the 
chloroplast fraction. This was re-suspended in 10 mL of washing medium (20 mM MOPS, pH 7.2, 0.2% 
BSA [w/v], 0.3 Mmannitol, and 1 mM EDTA), and centrifuged at the same speed once more. The first 
2,200gsupernatant was centrifuged at 14,000gfor 15 min to produce a fraction enriched in Mitochondria. this 
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pellet in washing medium was re-suspended, and centrifuged again at 14,000gbefore being loaded onto a 
gradient including a lower layer of 15 mL of 28% (w/v) Percoll in 10 mM MOPS, pH 7.2, 0.3 M Sucrose, 
and 0.1% (w/v) BSA, and an upper layer of 21 mL of the same solution with mannitol instead of 
Sucrose[33]. After centrifugation at 41,400g for 35 min, intact Mitochondria were washed twice by a 10-
times dilution in washing medium and centrifugation at 17,400gfor 15 min.  
 

3- Separation of Outer and Inner Membranes of Mitochondria 
     As explained by Mannella (1987), we isolated Outer- and inner-membrane-enriched fractions from 
Mitochondria of plant leaves[34]. In this approach, unbroken Mitochondria are exposed to hypotonic shocks, 
which boosts GalLDH activities because both outer- and inner- membranes of Mitochondria are being 
disturbed. These unbroken Mitochondria isolated from leaves. These were then swollen in 12 mMmannitol 
for 30 min, a content is appropriate to disperse the outer membrane without disturbing the inner membrane. 
After that, the unbroken Mitochondria are put in a 0.6 to 0.9 M Sucrose-step gradient, which was centrifuged 
at 40,000gfor 60 min. Outer-membranesof Mitochondria were remained at the supernatant fraction between 
the lower layer and the Sucrose interphase. From the bottom of the tube, remaining intact Mitochondria and 
Inner membranes were assembled. At least three times in a 20 mM MOPS, pH 7.2, and 0.3 Mmannitol, and 
centrifuged at 60,000gfor 1.5 h, both fractions were diluted. Pellets making of outer- and inner-membrane of 
Mitochondria enriched fractions were re-suspended in small volumes of the same medium. 
 

4- Enzyme assay methods 
     The L-GalLDH enzymes were extracted using the procedure as explained by Bartoli et al (2000). The 
biochemical assays are conducted according to the strategy of the following examiners [31] and [32]. This 
enzyme was read by Tecan spectrophotometer. 
 
5- Preparation of microplate reader 
     Microplate reader (known as plate reader) is a necessary instrument for observing biological event of 
samples in absorbance reader. For each enzyme, a certain volume of different buffer solution was added 
together with 5 to 10 µl of extracts that was added to a plate well to read the activity of the L-GalLDH. 
 

6- Absorbance reading for preparing samples 
     TECAN spectrophotometer is a sensitive, accurate, reproducible, fast and flexible system. This system is 
capable of reading multiple sample materials during a limited time. This system was used to measure the 
absorbance of the L-GalLDH activity. The settings for measuring the absorbance of were at 25°C and 340 
nm for 60 min. Furthermore, this type of a spectrophotometer is capable of calculating the absorbance 
sample that passed through the sample solution.  
 

Results 
     L-GalLDH has played a key role in catalyzing of the terminal step of L-galactose pathway. This is proved 
to have the similar functionin flowering and non-flowering plants [22] and [33]. An investigation of the 
activity of L-GalLDH (EC:1.3.2.3)  in some species of flowering and non-flowering plants was a key focus 
of this experimental study. this enzyme was determined in five classes; higher plant,Chlorophyte, 
Phaeophyceae, Bryophyte and Pteridophyte (Table-2). In each class, more than one species was tested, only 
in flowering plants, Pisumsativus was considered for the experiment. It reported that the function of this 
enzyme from Pisumsativus is the same other green plants because It contains a high content of this enzyme 
[20]. It was unpredictable to confirm that the activity of L-GalLDH is present in the species of Chlorophyta, 
Rhodophyta,Bryophyta, Pteridophyta and Phaeophyceae. In this experiment, it was proved that 
Blindingiaminima which belongs to chlorophyte contained a low concentration of L-GalLDH. This result is 
consistentwith a previous study becausethis species can produce a low content of AA [33]. 
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Furthermore,Porphyra purpurea which belongs to Rhodophyta has a very low content of this.However, other 
species of both Rhodophyta and Chlorophyta did not contain L-GalLDH’s activity. This result is consistent 
with current investigations. Some species of eukaryotic algae cannot produce vitamin c. The pathway of 
ascorbate biosynthesis of red seaweed has been recentlyfound. it can possibly be suggested that the pathway 
of red seaweeds could be similar to those in flowering plants. However, it can be a completely new route that 
has not been found. Thus, it is hypothesised that the pathway is similar to flowering plants.However, the 
members of Bryophyte, Phaeophyceae and Pteridophyta did not possess the activity of L-GalLDH. However, 
the ascorbate pathway of the species of Bryophyte and Phaeophyceae have not yet been discovered, it can be 
an alternative route that has not been discovered.However, it can be suggested that the ascorbate pathway of 
these is similar to flowering plants.  
 
Table-2: Showing presence and absence of L-GalLDH activity in the species of five classes of photosynthetic 

eukaryotes. 

 

Conclusion 
     L-GalLDH enzyme is involved in the last step ofascorbate biosynthesis pathway from photosynthetic 
eukaryotes. In the present study, molecular phylogenetic analysis is used to infer the historical and 
evolutionary relationships between homologous sequences of it. First of all, the phylogenetic tree result 
reveals that there is an historical relationship among the pathway of ascorbate biosynthesis of flowering and 
non-flowering plants.  Secondly, ML tree shows that the events of gene evolution can result in the evolution 
of the L-GalLDH enzyme among the lineages of photosynthetic eukaryotic organisms. One of the 
evolutionary events is gene duplication that has played a pivotal role in the evolution of multiple paralogous 
copies of these enzymes in a species called within species in-paralogs and in different species called 
between-species out-paralogs. Another events is speciation that can lead to the evolution of orthologs in 
different species. Thirdly, the phylogenetic tree showed that it mostly occurs in vascular plants, in 
comparison with non-vascular plants. These enzymesare more broadly evolved and diverged from their 
common ancestors.  Fourthly, biochmical experiments were conducted to observe the activity of L-GalLDH 
enzyme from five classes of photosynthetic eukaryotes. Within these classes there is only two species of 
Chlorophyta (Blindingia minima) and Rhodophyta (Porphyra purpurea) had a very low concentration of this 
enzyme, compared to higher plants (Pisumsativum). Other species of the classes Rhodophyta, Chlorophyta, 
Bryophyte, Phaeophyceae and Pteridophyta did not contain the L-GalLDH activity.it is hypothesized thatthe 
L-ascorbate pathwayin these speciescan be a completely new routethat has not been discovered. However, it 

  Photosynthetic plants classes 

      Plant name Species name L-GalLDH 

Higher plant Pisumsativum Yes 

Chlorophyte  (green algae) 
Blindingia minima Yes 

Ulvalactuca No 
Caulerpa No 

Phaeophyceae  (brown algae) 

Fucusgardneri No 
Hesperophycuscalifornicus No 

Chlorodesmis No 
Ascophyllumnodosum No 

Bryophyte  (moss) 
Orthotrichumcrassifolium No 

Bryumcapillare No 
Tortulamuralis No 

Pteridophyte (ferns) 
Aspleniumscolopendrium No 

Aspleniumtrichomanes No 
Athrium optophorum No 

Rodophyte (red algae) 
Palmaria palmata No 
Porphyra purpurea Yes 

Gracilaria No 
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can possibly be suggested that the pathway is similar to flowering plants. Finally, after a closer examination 
of the comparative protein trees with species trees, it can be suggested with a significant degree of certainty 
that paralogs and orthologs of each enzyme can provide useful evidence and information on evolutionary 
relationship and taxonomic classification of molecules and photosynthetic eukaryotes. Furthermore,this now 
opens the gate for understanding how these enzymes are distributed and sequentially similar.  
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