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ABSTRACT 

Myrciaria dubia “camu-camu” is a rich source of several bioactive phytochemicals and vitamin C 
(L-ascorbic acid, AsA). To gain insights about the genes involved in AsA biosynthesis in this plant 
species and consequently with potential use for its biotechnological production, here we report the 
isolation and molecular cloning of partial gene sequences of the D-mannose/L-galactose pathway. 
Degenerate primers designed by the multiple sequence alignment of related plant species were used 
to isolate in M. dubia the partial sequences of the six D-mannose/L-galactose pathway genes (GMP, 
GME, GGP, GPP, GDH, and GLDH). The deduced protein sequences of the six genes have more 
than 81% sequence identity to rosids and asterids species, with a closer phylogenetic relationship to 
Eucalyptus grandis. In conclusion, gene sequences of the D-mannose/L-galactose pathway involved 
in AsA biosynthesis of M. dubia were successfully isolated and cloned and the phylogenetic analysis 
indicated that these genes have been relatively well conserved throughout of plant evolution, 
reflecting the importance of the enzymes of this metabolic pathway for plant growth and survival. 
Additionally, the isolation and cloning of these genes allow us to implement systems for 
biotechnological production of AsA. 
 
Keywords: Gene cloning; molecular biotechnology; molecular phylogeny; L-ascorbic acid biosynthesis; 

tropical fruit. 
 
INTRODUCTION 
  
Myrciaria dubia (Kunth) McVaugh “camu camu” 
is an Amazonian plant that produces several 
bioactive compounds such as aldose reductase 
inhibitors (Ueda et al., 2004), anthocyanins 
(Zanatta et al., 2005), 1-methyl-malate (Akachi et 
al., 2010), ellagic acid derivatives and other 

phenolics (Fracassetti et al., 2013), but is 
economically important due to its high vitamin C 
(L-ascorbic acid, AsA) content in fruits (Bradfield 
and Roca, 1964), which can contain as much as 2 
g of AsA per 100 g of pulp (Imán et al., 2011). 
Abundant variation in AsA content both among 
different tissue types of the same individual and 
between individuals (Castro et al., 2013a), 
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however, was largely responsible for the 
precipitous decline of M. dubia as an 
economically important export of the Peruvian 
Amazon because of the inability of local, small-
scale farmers to cultivate products of uniform AsA 
content. 
 
Various studies have shown that the high variation 
in AsA content in plant tissues is influenced by a 
variety of genetic and environmental factors 
(Davey et al., 2006; Roselló et al., 2011). These 
factors, directly or indirectly, through molecular 
mechanisms that are currently under investigation, 
influence the metabolic pathways of AsA 
biosynthesis (Zhang et al., 2009; Wang et al., 
2013; Conklin et al., 2013). Although a 
combination of several experimental approaches 
(e.g., radiolabelling, mutant analysis, transgenic 
manipulation) provides evidence for multiple 
pathways of AsA biosynthesis in plants, the D-
mannose/L-galactose pathway is the best 
characterized and commonly considered the most 
important (Wheeler et al., 1998; Valpuesta and 
Botella, 2004; Ishikawa et al., 2006). 
 
M. dubia gene sequences of the D-mannose/L-
galactose pathway are lacking, and thus preclude 
molecular studies to determine the influence of 
genetic factors on AsA content variation. 
Additionally, the isolation and cloning of these 
genes allow us to implement systems for 
biotechnological production of AsA. Our aim of 
this study, therefore, was to isolate and molecular 
cloning of partial sequences of the D-mannose/L-
galactose pathway genes from M. dubia.  
 
MATERIALS AND METHODS 
 
Plant Material 
 
Mature fruits were collected and subsequently 
stored at -80°C from the M. dubia germplasm 
bank (03°57'17"S, 73°24'55"W) at the Instituto 
Nacional de Innovación Agraria of Peru, 
department of Loreto. This germplasm bank, 
established approximately 20 years ago, consists 
of 43 representative accessions of genetic 
variability of M. dubia belonging to eight major 
river basins of the Loreto Region (Nanay, Itaya, 
Napo, Ucayali, Putumayo, Curaray, Tigre and 
Amazonas). 

Total RNA Isolation and cDNA Synthesis 
 
Total RNA was isolated from mature fruits (fruit 
pulp and peel) using the CTAB method, solvent 
extractions, and DNase treatment as described by 
Castro et al. (2013b). RNA quality and quantity 
were assessed by standard OD measurement and 
formaldehyde denaturing gel electrophoresis 
(Sambrook et al., 2012) (see Fig. S1 in Additional 
File 1). Single-stranded cDNA was obtained from 
1.5 µg of total RNA using MuLV Reverse 
Transcriptase and oligo(dT)16 following the 
manufacturer’s instructions (Applied Biosystems). 
Reaction conditions were as follows: 25°C for 10 
min, 42°C for 1 h, enzyme denaturing at 95°C for 
5 min.  
 
Degenerate Primer Design  
 
In order to isolate partial gene sequences of the 
Smirnoff-Wheeler pathway (i.e., GDP-D-mannose 
pyrophosphorylase [GMP], GDP-D-mannose-
3ꞌ,5ꞌ-epimerase [GME], GDP-L-galactose 
phosphorylase [GGP], L-galactose-1-phosphate 
phosphatase [GPP], L-galactose dehydrogenase 
[GDH], and L-galactono-1,4-lactone 
dehydrogenase [GLDH]) full-length mRNA 
sequences from different plants species were 
obtained from the GenBank database of the 
National Center for Biotechnology Information 
(http://www.ncbi.nlm.nih.gov/). These sequences 
were aligned with Clustal Omega software 
(Sievers et al., 2011) and degenerate primer pairs 
were designed on the basis of conserved coding 
regions using SC Primer software (Jabado et al., 
2006). Primers were designed with the following 
specifications: amplicon size = 250-1000 bp, 
optimum primer length = 18 to 22 nt, primer Tm = 
58-62°C, Tm difference ≤ 3°C, primer GC% = 45-
55%, with all other parameters set at default (see 
Table S1 in Additional File 2).  
 
Isolation of Partial Sequences of the D-
mannose/L-galactose Pathway Genes  
 
Partial gene sequences were amplified from a pool 
of cDNA templates (from fruits pulp and peel), 
with degenerate PCR primers using a 
MasterCycler ep Gradient (Eppendorf) thermal 
cycler. Each PCR reaction (20 L) contained 1x 
PCR buffer, 3 mM MgCl2, 0.2 mM of each dNTP, 
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0.5-1.0 M degenerated primer pair, 0.4 U Taq 
polymerase (Fermentas), and 2 L cDNA 
template. The PCR protocol consisted of an initial 
denaturing step for 5 min at 95ºC, followed by 40 
cycles of 45 s at 95ºC, 30 s at the primer specific 
annealing temperature (i.e., 45-60ºC), 1 min at 
72ºC, and a final extension step for 10 min at 
72ºC. The amplified products were resolved on a 
2% agarose gel, and products of the expected size 
were excised, gel purified using the Quick Gel 
Extraction and PCR Purification Combo Kit 
(Invitrogen, CA, USA), and ligated into a 
pCR®2.1-TOPO cloning vector (Invitrogen, CA, 
USA) according to the manufacturer’s 
instructions. The ligation product was introduced 
into chemically competent E. coli via the heat-
shock method. Gene sequences were confirmed by 
sequencing independent clones on both strands 
using M13 forward and reverse primers, and 
verifying their identity with BLAST analysis 
(Zhang et al., 1997). 
 
Bioinformatics Analysis 
 
Searches for similarity were performed in the 
GenBank using the BLASTX algorithm (Zhang et 
al., 1997). Multiple alignments of the deduced 
protein sequences were completed with Clustal 
Omega (Sievers et al., 2011), and phylogenetic 
trees were constructed with MEGA software 6.0 
(Tamura et al., 2013) using the Neighbor-Joining 
method (Saitou and Nei, 1987) with                    
distances derived from the Jones-Taylor-Thornton 
model (Jones et al., 1992) and 1,000 bootstrap 
replicates. 
 
RESULTS AND DISCUSSION 
 
Metabolic pathways for AsA biosynthesis in 
plants have been recently elucidated. Pioneering 
work by Isherwood et al. (1953) showed that 
germinating cress seedlings (Lepidium sativum) 
fed with metabolic precursors (i.e., L-galactono-
1,4-lactone, L-gulono-1,4-lactone, D-galacturonic 
acid) significantly increased its AsA content. 
Subsequently, radioisotopic labeling experiments 
found that conversion of metabolic precursors to 
AsA in plants proceeded directly (Loewus, 1963). 
In 1998 the first biosynthetic pathway (i.e., D-
mannose/L-galactose pathway) for AsA in plants 
was discovered (Wheeler et al., 1998). This 

pathway is the best characterized because it is 
supported by robust biochemical and molecular 
genetic evidence (Valpuesta and Botella, 2004; 
Cruz-Rus et al., 2011; Ren et al., 2013; Hancock 
et al., 2003; Huang et al., 2014). Moreover, other 
metabolic pathways were proposed for AsA 
biosynthesis in plants (Valpuesta and Botella, 
2004). 
 
Given the D-mannose/L-galactose pathway is 
typically considered the most important for AsA 
biosynthesis in plants (Wheeler et al., 1998; 
Smirnoff and Wheeler, 2000; Gallie, 2013), in this 
research using bioinformatics tools and molecular 
biology techniques we successfully amplified 
partial gene sequences of M. dubia from the six 
genes that comprise this metabolic pathway             
(Fig. 1). PCR products (266 to 929 bp) were 
isolated, cloned, sequenced, and deposited in 
GenBank with the following accession numbers: 
GMP: KJ502650.1, GME: KJ502651.1, GGP: 
KJ502652.1, GPP: KJ502653.1, GDH: 
KJ502654.1, and GLDH: KJ502655.1. Similar 
strategies were used to isolated genes of this 
metabolic pathway from Brassica oleracea 
(Østergaard et al., 1997), Cucumis melo (Pateraki 
et al., 2004), Fragaria ananassa (Do Nascimento 
et al., 2005), and Malpighia glabra (Badejo et al., 
2009). In addition, the isolation of these gene 
sequences from cDNA of fruits suggests that this 
organ have capabilities for AsA biosynthesis in M. 
dubia, but has yet to be experimentally 
demonstrated. These results are in agreement with 
studies in other plant species that have 
demonstrated that the fruits, and other organs and 
tissues are also capable of AsA biosynthesis (Ren 
et al., 2013; Badejo et al., 2009; Xu et al., 2013; 
Hancock et al., 2007). 
 
Homology search of these sequences in the All 
non-redundant GenBank CDS translations, PDB, 
SwissProt, PIR and PRF databases shown that the 
gene sequences isolated from M. dubia have 
homology with the D-mannose/L-galactose 
pathway gene of several plant species, and by 
comparing with the corresponding gene sequences 
of Arabidopsis thaliana is evident that homology 
exist (Table 1). Results showing low E values 
(1x10-76 - 5x10-49) and high identity values (82-
94%) between sequences pairs demonstrate that 
the isolated cDNA segments from tissues of              
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M. dubia are similar to the D-mannose/L-
galactose pathway gene sequences. 
 
Due to the gene sequences isolated having a key 
role in AsA biosynthesis further work is required 
to obtain the complete coding sequences. This 
goal can be achieved with the gold standard 
technique rapid amplification of cDNA ends 
(Frohman et al., 1988) at which point, experiments 
to express these genes in heterologous systems 
(i.e., Escherichia coli, Chlamydomonas 
reinhardtii, etc) for meticulous biochemical and 
structural analysis of the enzymes encoded will be 
possible. Finally, the definition of this 
biosynthetic pathway in M. dubia should allow 
engineering for increased AsA production, thus 
increasing their nutritional value and stress 
tolerance. Also, these genes could be used for the 
biotechnological production of AsA.  
 
To further characterize the D-mannose/L-
galactose pathway gene sequences isolated from 
M. dubia, we conducted a multiple alignment (see 
Figs. S2-S7 in Additional file 3) and phylogenetic 
analysis to compare the deduced protein 
sequences of the enzymes from rosids and asterids 
(Fig. 2). The sequences showed a high degree of 
conservation among all the species, but the 
deduced protein sequences of M. dubia were most 

similar to Eucalyptus grandis (i.e., GMP, GGP, 
GPP, GDH and GLDH) and Malpighia glabra 
(GME). This is due to that these species belong to 
the Rosid clade, which also has a strong support 
on genome-scale phylogenetic studies (Jansen et 
al., 2007; Wang et al., 2000). In addition, is 
evident that the phylogenetic analysis among 
species based on GME sequences showed a closed 
relationship in comparison with the other genes. 
This is attributed to that this gene, coding a 
nucleotide-diphospho-sugar interconversion 
enzyme, was originated in early plant evolution 
from a progenitor gene of an ancient prokaryote 
(Yin et al., 2011). In contrast, the genes specific 
for L-ascorbic acid biosynthesis were obtained 
more recently in plant evolution (Wheeler et al., 
2015). The high conservation of the D-
mannose/L-galactose pathway genes among plant 
species is likely because AsA is a widespread and 
efficient antioxidant that has multiple functions in 
plants (Smirnoff and Wheeler, 2000; Gallie, 2013; 
Smirnoff, 2000). AsA has a small cost in terms of 
synthesis and toxicity, and its benefits include 
defence of the glutathione pool and appropriate 
working of a variety of biocatalysts, and thus it 
has been hypothesized that AsA was subject to 
selection pressures during evolution (Gest et al., 
2013).  

 

 
 

Fig. 1. Gel electrophoresis of amplicons obtained with degenerate primers of the Smirnoff-Wheeler 
pathway genes from M. dubia. M: molecular size marker 100-1000 bp, GMP: GDP-D-mannose 
pyrophosphorylase, GME: GDP-D-mannose-3ꞌ,5ꞌ-epimerase, GGP: GDP-L-galactose phosphorylase, 
GPP: L-galactose-1-phosphate phosphatase, GDH: L-galactose dehydrogenase, and  
GLDH: L-galactono-1,4-lactone dehydrogenase 
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Fig. 2. Phylogenetic trees showing the relationship of the deduced protein sequences of the Smirnoff-
Wheeler pathway genes of M. dubia to homologous proteins from rosids and asterids. The distances 
are the proportion of amino acid substitutions and the bootstrap values based on 1000 samples are 
shown. Acde: Actinidia deliciosa,  Arth: Arabidopsis thaliana,  Cisi: Citrus sinensis, Ciun: Citrus 
unshiu, Cume: Cucumis melo, Eugr: Eucalyptus grandis, Glma: Glycine max, Magl: Malpighia 
glabra, Mado: Malus domestica, Metr: Medicago truncatula. Mydu: Myrciaria dubia,  
Phvu: Phaseolus vulgaris, Potr: Populus trichocarpa, Roro: Rosa roxburghii, Soly: Solanum 
lycopersicum, Sotu: Solanum tuberosum, Thca: Theobroma cacao, Vivi: Vitis vinífera 
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Table 1. Comparison of the D-mannose/L-galactose pathway gene sequences of M. dubia and 
Arabidopsis thaliana after homology analysis with Blastx 
 

Description Total score Query cover (%) E value Identity (%) Accession 
GDP-D-mannose pyrophosphorylase (GMP) 169 99 5x10-49 93 NP_181507.1 

GDP-D-mannose-3',5'-epimerase (GME) 220 99 4x10-68 94 NP_198236.1 

GDP-L-galactose phosphorylase (GGP) 209 98 8x10-63 83 NP_567759.1 

L-galactose-1-phosphate phosphatase (GPP) 284 99 2x10-93 83 NP_186936.1 

L-galactose dehydrogenase (GDH) 434 98 6x10-150 82 NP_195093.1 

L-Galactono-1,4-lactone dehydrogenase (GLDH) 514 99 1x10-176 82 BAA95212.1 

 
CONCLUSION 
 
Gene sequences of the D-mannose/L-galactose 
pathway involved in AsA biosynthesis of                      
M. dubia were successfully isolated and cloned 
and the phylogenetic analysis indicated that these 
genes have been relatively well conserved 
throughout of plant evolution, reflecting the 
importance of the enzymes of this metabolic 
pathway for plant growth and survival. 
Additionally, the isolation and cloning of these 
genes allow us to implement systems for 
biotechnological production of AsA. 
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APPENDIX 
 

ADDITIONAL FILES 
 

Additional file 1 
 

 
 

Fig. S1. Results of electrophoretic and spectrophotometric analysis of total RNA isolated from 
mature fruits of M. dubia. OD ratios (A260/A230 and A260/A280) are shown as the mean ± SD (n = 3) 

 
Additional file 2 
 
Table S1. Lists of degenerate primers designed for amplification of the D-mannose/L-galactose 
pathway genes from M. dubia 
 

Gene GenBank accession number 
of mRNA used for multiple 

sequence alignment 

Degenerate primer sequence Product 
size (bp) 

GDP-D-mannose 
pyrophosphorylase 

(GMP) 

NM_001051330, 
EU180071.1, 

XM_002282386.1, 
DQ226694.1, 

XM_002524181.1, 

GMPf 5'-AAYTAYCARCCDGAGGTKATG-3' 266 
GMPr 5'-GGYTCRTCMACCTTGGTHACCAT-3' 

GDP-D-mannose-3ꞌ,5ꞌ-
epimerase (GME) 

EU683446.1, HQ224948.1, 
HM998753.1, EF379384.1, 
FJ752238.1, GU339036.1, 

GMEf 5'-GGCCHGCWGAGCCKCAAGAY-3' 333 
GMEr 5'-TGCTVACCATYTCRTCRCTTCC-3' 

GDP-L-galactose 
phosphorylase (GGP) 

XM_002316719.1, 
GU339036.1, 

XM_002530313.1, 
EF379384.1, EU683446.1. 

GGPf 5'-TNAAYGARGGBCGHCAYYTKAAGAA-3' 364 
GGPr 5'-GCDCCHARRCTRTTRTAVYC-3' 

L-galactose-1-phosphate 
phosphatase (GPP) 

AB457584.1, HM234683.1, 
XM_002267724.2, 

FJ752240.1, AC154901.1 

GPPf 5'-GGATTTGGTCACGGAAACT-3' 488 
GPPr 5'-CAATTCCACAGAGGTTCAGT-3' 

L-galactose 
dehydrogenase (GDH) 

319739584, 307136443,  
146432258, 225382604, 

170181407 

GDHf 5'-CTTTGACACCTCCCCGTACT-3' 782 
GDHr 5'-GGCCATGACTGATTCTTCAC-3' 

L-galactono-1,4-lactone 
dehydrogenase (GLDH) 

AF252339.2, HM587128.1, 
AY547352.2, HM587129.1, 

EU683445.1 

GLDHf 5'-GGTCACGCCTGCCAAGGGTA-3' 929 
GLDHr 5'-GGAACCTCAATCTTAGCCCAATGT-3' 
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Additional file 3 
 
Mydu         1 NYQPEVMLNFLKDFESKLGIKITCSQETEPLGTAGPLALARDKLLDDSGEPFFVLNSDVISEYPLKEMMEFHKACGGEASIMVTKVDE 
Eugra        1 NYQPEIMLNFLKGFEAKLGIKITCSQETEPLGTAGPLALARDKLLDDSGEPFFVLNSDVISEYPLKEMIQFHKAHGGEASIMVTKVDE 
Arth         1 NYQPEVMLNFLKDFETKLEIKITCSQETEPLGTAGPLALARDKLLDGSGEPFFVLNSDVISEYPLKEMLEFHKSHGGEASIMVTKVDE 
Glma         1 NYQPEVMLNFLKDFETKLGIKITCSQETEPLGTAGPLALARDKLIDDSGEPFFVLNSDVISEYPLKEMIEFHKNHGGEASIMVTKVDE 
Magl         1 NYQPEVMLNFLKDFEKKLDIKITCSQETEPLGTAGPLALARDKLIDESGEPFFVLNSDVISEYPLKEMIEFHKNHGGEASIMVTKVDE 
Acla         1 NYQPEVMLNFLKDFETKLGIKITCSQETEPLGTAGPLALARDKLIDDSGEPFFVLNSDVISEYPLKEMIEFHKSHGGEASIMVTKVDE 
Roro         1 NYQPEVMLNFLKEFETKVGIKITCSQETEPLGTAGPLALARDKLIDESGEPFFVLNSDVISDYPLKEMIEFHKSHGGEASIMVTKVDE 
Cume         1 NYQPEVMLNFLKEFEKKLGIKITCSQETEPLGTAGPLALARDKLIDDSGEPFFVLNSDVISEYPLKQMIEFHKSHGGEASIMVTKVDE 
Soly         1 NYQPEVMLNFLKEFETKLGIKITCSQETEPLGTAGPLALARDKLVDDSGEPFFVLNSDVISEYPFKEMIEFHKSHGGEASLMVTKVDE 
Vivi         1 NYQPEVMLNFLKEFEAKLGITITCSQETEPLGTAGPLALARDKLIDDSGEPFFVLNSDVISEYPFKEMIEFHKAHGGEASIMVTKVDE 
Cisi         1 NYQPEVMLNFLKEFEAKLGIKIICSQETEPLGTAGPLALARDKLIDDTGEPFFVLNSDVISEYPFAEMIEFHKAHGGEASIMVTKVDE 
Thca         1 NYQPEVMLNFLKEFEAKVGIKISCSQETEPLGTAGPLALARDKLIDGSGKPFFVLNSDVISEYPFKEMIEFHKAHGGEASIMVTKVDE 
consensus    1 *****.****** ** *. * * *********************.* .* ***********.**   *. ***  *****.******* 

 
Fig. S2. Amino acid sequence alignment of GDP-mannose pyrophosphorylase (GMP) from M. dubia 
with sequences from other plant species. Mydu: Myrciaria dubia (KJ502650), Eugr: Eucalyptus 
grandis (KCW65590.1), Arth: Arabidopsis thaliana (NP_181507.1), Glma: Glycine max 
(NP_001276240.1), Magl: Malpighia glabra (ABB53473.1), Acla: Actinidia latifolia (ACN38266.1), 
Roro: Rosa roxburghii (AGO64472.1), Cume: Cucumis melo (XP_008441398.1), Soly: Solanum 
lycopersicum (XP_004240924.1), Vivi: Vitis vinifera (XP_002282422.1), Cisi: Citrus sinensis 
(XP_006486418.1), Thca: Theobroma cacao (XP_007009215.1)   
 
Mydu         1 PAEPQDAYGLEKLATEELCKHYTKDFPIECRIGRFHNIYGPFGTWKGGREKAPAAFCRKTITSEDKFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFCEP 
Magl         1 PAEPQDAYGLEKLATEELCKHYTKDFGIECRVGRFHNIYGPFGTWKGGREKAPAAFCRKAITSVDKFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFREP 
Thca         1 PAEPQDAYGLEKLATEELCKHYTKDFGIECRIGRFHNIYGPFGTWKGGREKAPAAFCRKAITSTDKFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFREP 
Arth         1 PAEPQDAYGLEKLATEELCKHYNKDFGIECRIGRFHNIYGPFGTWKGGREKAPAAFCRKAQTSTDRFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFREP 
Sotu         1 PAEPQDAYGLEKLATEELCKHYNKDFGIECRIGRFHNIYGPFGTWKGGREKAPAAFCRKAQTATDKFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFREP 
Glma         1 PAEPQDAYGLEKLATEELCKHYNKDFGIECRIGRFHNIYGPFGTWKGGREKAPAAFCRKVITSSDRFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFREP 
Acde         1 PAEPQDAYGLEKLATEELCKHYTKDFGIECRIGRFHNIYGPFGTWKGGREKAPAAFCRKTLTSTDRFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFREP 
Cume         1 PAEPQDAYGLEKLATEELCKHYTKDFGIECRIGRFHNIYGPFGTWKGGREKAPAAFCRKALTSVDKFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFREP 
Ciun         1 PAEPQDAYGLEKLASEELCKHYTKDFGIECRVGRFHNIYGPFGTWKGGREKAPAAFCRKALTSTDKFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFREP 
Eugr         1 PAEPQDAYGLEKLATEELCKHYTKDFAIECRIGRFHNIYGPFGTWKGGREKAPAAFCRKALTSTDKFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFREP 
Vivi         1 PAEPQDAYGLEKLATEELCKHYTKDFGIECRIGRFHNIYGPFGTWKGGREKAPAAFCRKALTSTDKFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFREP 
Roro         1 PAEPQDAYGLEKLATEELCKHYTKDFGIECRIGRFHNIYGPFGTWKGGREKAPAAFCRKALTSTDKFEMWGDGLQTRSFTFIDECVEGVLRLTKSDFREP 
consensus    1 **************.******* *** ****.***************************  *  *.******************************* ** 
 
 
Mydu       101 VNIGSDEMVS 
Magl       101 VNIGSDEMVS 
Thca       101 VNIGSDEMVS 
Arth       101 VNIGSDEMVS 
Sotu       101 VNIGSDEMVS 
Glma       101 VNIGSDEMVS 
Acde       101 VNIGSDEMVS 
Cume       101 VNIGSDEMVS 
Ciun       101 VNIGSDEMVS 
Eugr       101 VNIGSDEMVS 
Vivi       101 VNIGSDEMVS 
Roro       101 VNIGSDEMVS 
consensus  101 ********** 
 

Fig. S3. Amino acid sequence alignment of GDP-D-mannose-3ꞌ,5ꞌ-epimerase (GME) from M. dubia 
with sequences from other plant species. Mydu: Myrciaria dubia (KJ502651), Magl: Malpighia 
glabra (ABB53472.1), Thca: Theobroma cacao (XP_007030576.1), Arth: Arabidopsis thaliana 
(NP_198236.1), Sotu: Solanum tuberosum (XP_006347749.1), Glma: Glycine max (XP_003556467.1), 
Acde: Actinidia deliciosa (ADB85573.1), Cume: Cucumis melo (XP_008455931.1), Ciun: Citrus 
unshiu (ADV59924.1), Eugr: Eucalyptus grandis (KCW85270.1), Vivi: Vitis vinifera 
(NP_001267968.1), Roro: Rosa roxburghii (AGO64471.1) 
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Mydu         1 NEGRHLKKRPTGFRVDKVLQPFDGSKFNFTKVGQEEILFQFEASEDGEAQFFPKAPIDADSSPSVVAINVSPIEYGHVLLIPRVLECLPQRIDRESFSLA 
Eugr         1 NEGRHLKKRPTEFRVDKVLQPFDGSKFNFTKVGQEEILFQFEASEDGEVQFFAKAPIDADNSPSVVAINVSPIEYGHVLLIPRVLECMPQRIDRESFSLA 
Magl         1 NEGRHLKKRPTEFRVDKVLQPFDGKKFNFTKVGQEEILFQFEASEDGETQFFANAPIDVENSPSVVAINVSPIEYGHVLLIPRVLECLPQRIDHESFLLA 
Cisi         1 NEGRHLKKRPTEFRVDKVLQPFDGNKFNFTKVGQEEVLFQFEASEDGEVQFHPSAPIDVENSPSVVAINVSPIEYGHVLLIPRVLECLPQRIDRDSFLLA 
Thca         1 NEGRHLKKRPTEFRVDKVLQPFDGNKFNFTKVGQEEVLFQFAASEDGEVQFFPNAPIDVENSPSVVAINVSPIEYGHVLLIPRILECLPQRIDRQSFLLA 
Roro         1 NEGRHLKKRPTEFRVDKVLQPFDGSKFNFTKVGQEEVLFQFEASEDGEVQFHPNAPIDVENSPSVVAINVSPIEYGHVLLIPRILESLPQRIDRESFLLA 
Cume         1 NEGRHLKKRPTEFRVDKVLQPFDGNKFNFTKVGQEEVLFRFEANENENTQFIPNAAFDVENSPSVVAINVSPIEYGHVLLIPRVLECLPQRIDRESFLLA 
Acde         1 NEGRHLKKRPTEFRVDKVLQPFDESKFNFTKVGQEEVLFQFEASDDNEVQFFPNAPVDVENSPSVVAINVSPIEYGHVLLIPSILECLPRRIDRESFLLA 
Vivi         1 NEGRHLKKRPTEFRVDKVLQPFDGNKFNFTKVGQEEVLFQFEPSNDEEPEFIPNAPIDVENSTSVVAINVSPIEYGHVLLIPRIFECLPQRIDRESFLLA 
Glma         1 NEGRHLKKRPTEFRVDKVLQPFDENKFNFTKVGQEEVLFQFEASEDGQVQFFPNAPVDVDNSPSFVAINVSPIEYGHVLLIPRIFECLPQRIDRESFLLA 
Soly         1 NEGRHLKKRPTEFRVDKVLQPFDGSKFNFTKVGQEELLFQFEASEEDEVQLYPDAPIDPEKSPSVVAINVSPIEYGHVLLIPKVLECLPQRIDRDSFLLA 
Arth         1 NEGRHLKKRPTEFRVDKVLQSFDGSKFNFTKVGQEELLFQFEAGEDAQVQFFPCMPIDPENSPSVVAINVSPIEYGHVLLIPRVLDCLPQRIDHKSLLLA 
consensus    1 *********** ******** **  ***********.** *                * . * * ***************** . . .* ***  *  ** 
 
 
Mydu       101 LYMAAEAGNPYFRLEYNSLG 
Eugr       101 LYMAAEARNPYFRLGYNSLG 
Magl       101 LYMAAEAGNPYFRLGYNSLG 
Cisi       101 LYMAAEAGNPYFRLGYNSLG 
Thca       101 LCMAAEAGNPYFRLGYNSLG 
Roro       101 LHMAAEAGNPYFRLGYNSLG 
Cume       101 LHMAAEAGNTYFRLGYNSLG 
Acde       101 LHMAAEAGNPYFRLGYNSLG 
Vivi       101 LDMAVEAGNPYFRLGYNSLG 
Glma       101 LQMAVEADNPYFRLGYNSLG 
Soly       101 LHMAAEAANPYFRLGYNSLG 
Arth       101 VHMAAEAANPYFRLGYNSLG 
consensus  101 . ** ** * **** ***** 
 

Fig. S4. Amino acid sequence alignment of GDP-L-galactose phosphorylase (GGP) from M. dubia 
with sequences from other plant species. Mydu: Myrciaria dubia (KJ502652), Eugr: Eucalyptus 
grandis (KCW70217.1), Magl: Malpighia glabra (ACG75920.1), Cisi: Citrus sinensis (KDO62102.1), 
Thca: Theobroma cacao (XP_007020730.1), Roro: Rosa roxburghii (AGO64470.1), Cume: Cucumis 
melo (XP_008447718.1), Acde: Actinidia deliciosa (ADB85572.1), Vivi: Vitis vinifera 
(XP_002278339.1), Glma: Glycine max (XP_003519588.1), Soly: Solanum lycopersicum 
(NP_001266145.1), Arth: Arabidopsis thaliana (NP_567759.1) 
 
Mydu         1 DLVTETDKACEDLIFNHLKQCYPTHKFIGEETTAACGISELTNEPTWIVDPLDGTTNFVHGFPLVCISIGLTIGKVPTVGVVYNPIMEELFTGVQGKGAF 
Eugr         1 DLVTETDKACEDLIFNHLKQLYPAHKFIGEETTAACGTSELTDEPTWIVDPLDGTTNFVHGFPFVCISIGLTIGKVPTVGVVYNPIMEELFTGVQGKGAY 
Arth         1 DLVTETDKGCEELVFNHLKQLFPNHKFIGEETTAAFGVTELTDEPTWIVDPLDGTTNFVHGFPFVCVSIGLTIGKVPVVGVVYNPIMEELFTGVQGKGAF 
Ciun         1 DLVTETDKACEDLIFNHLKQQFPTHKFIGEETTAACGATELTDEPTWIVDPLDGTTNFVHGFPFVCISIGLTIGKIPIVGVVYNPIMDELFTGVHGQGAF 
Potr         1 DLVTETDKACEALIFNHLKQQYPSHKLIGEETTAAYGATELTDEPTWIVDPLDGTTNFVHGFPFVCISIGLTIGKVPTVGVVYNPIMDELFTGIHGKGAF 
Phvu         1 DLVTETDKACEELIFNHLKQLYPTHKFIGEETTAAYGTSELTDEPTWIVDPLDGTTNFVHGFPFVCVSIGLTIGKTPTIGVVYNPIINEIFTGIRGKGAF 
Thca         1 DLVTETDKACEDLVFNHLKQHYPSHKFIGEETTAACGTSELTDEPTWIVDPLDGTTNFVHGFPFVCVSIGLTIGKVPTVGVVYNPIMNELFTGVLGKGAF 
Acde         1 DLVTETDKACEDLIFNHLKLHFPDHKFIGEETTAACGITELTDEPTWIVDPLDGTTNFVHGYPFVCVSIGLTIGKVPTVGVVYNPIMNELFTGIHGQGAF 
Cume         1 DLVTETDKACEDLIFNHLKEHYPSHKFIGEETTAAYGHTELTDEPTWIVDPLDGTTNFVHGFPFVCVSIGLTIGKVPTVGVVYNPIIDELFTGIRGKGAF 
Vivi         1 DLVTETDKACEDLIFNHLQQHYPEHKLIGEETTAACGTMELTDSPTWIVDPLDGTTNFVHGFPFVCVSIGLTIGKVPAVGVVYNPILDELFTAIRGKGAF 
Sotu         1 DLVTETDKACEDLIFDHLKQRFPSHKFIGEETTASCGNFELTDEPTWIVDPLDGTTNFVHGFPFVCVSIGLTIEKKPTVGVVYNPIIDELFTAIDGKGAF 
Roro         1 DLVTETDKAAEDLIFNHLKQLYPTHKFIGEETTAACGVTELTDDPTWIVDPLDGTTNFVHGFPFVCVSIGLTIGKIPTVGVVYNPIIDELFTGIRGGGAF 
consensus    1 ********. * *.* **   .* ** *******  *  ***  *****************.* **.****** * * .*******. *.**.. * **. 
 
 
Mydu       101 LNGNPIKVSSQSELVKCLLATEAGTKRDKATLDASTDRIKSLLFKVRSVRMSGSCALNLCGI 
Eugr       101 LNGKPIKVSSQSELVKCLLATEAGTKRDKPTLDASTERIKSLLFKVRSVRMSGSCALNLCGV 
Arth       101 LNGKRIKVSAQSELLTALLVTEAGTKRDKATLDDTTNRINSLLTKVRSLRMSGSCALDLCGV 
Ciun       101 FNGKPIKVSSQTELVKSLLATEAGTKRDKPTLDASTNRINSLLFKVRSLRMSGSCALNLCGI 
Potr       101 LNGKPIKVSSQSELVKSLLATEAGTKRDKSTVDATTDKINSLLFKVRSLRMSGSCALNLCGI 
Phvu       101 LNGNPIKVSSQTELISSLLATEVGTKRDKETVDESTNRIKSLLFKVRSLRMSGSCALNLCGI 
Thca       101 LNGTPIRVSSQTELVKSLLATEAGTKRDKLTVDTSTNRINSLLFKVRSLRMSGSCALNLCGI 
Acde       101 LNGNPIKVSSQSELVKSLLSTEVGTKRDKLTVDATTNRIKSLLFKVRSLRMSGSCALNLCGI 
Cume       101 LNCRPIKVSSQDELLKSLLATEVGTKRDKLTVDATTDRINRLLLKVRSVRMSGSCALNLCGV 
Vivi       101 LNGKPIKVSSQTELVKSLLATEVGTKRDKSTVDATTNRINGLLFEVRSLRMSGSCALNLCGI 
Sotu       101 LNGKPIKVSSQSELVKALLATEAGTNRDKLTVDATTGRINSLLFKVRSLRMCGSCALNLCGV 
Roro       101 LNENPIKVSSQSELVKSLLATEAGTKRDKLTVDATTGKLNSLLFEVRSLRMSGSCALNLCGI 
consensus  101  *   *.** * **.  ** ** ** *** *.* .* ..  **  ***.** ***** ***. 

 
Fig. S5. Amino acid sequence alignment of L-galactose-1-phosphate phosphatase (GPP) from  
M. dubia with sequences from other plant species. Mydu: Myrciaria dubia (KJ502653),  
Eugr: Eucalyptus grandis (KCW75164.1), Arth: Arabidopsis thaliana (NP_186936.1), Ciun: Citrus 
unshiu (ADV59926.1), Potr: Populus trichocarpa (XP_002307895.2), Phvu: Phaseolus vulgaris 
(CAX94844.1), Thca: Theobroma cacao (XP_007026279.1), Acde: Actinidia deliciosa (AAV49506.1), 
Cume: Cucumis melo (XP_008463619.1), Vivi: Vitis vinifera (XP_002267760.2), Sotu: Solanum 
tuberosum (XP_006352350.1), Roro: Rosa roxburghii (ADK27705.1) 
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Mydu         1 FDTSPYYGGTLSEKMLGMALKASGVPRDQYVVSTKCGRYKEGFDFSAERVTRSIDESLERLQLDYVDILQCHDIEFGSLDQIVNETIPALLKLKQTGKIR 
Eugr         1 FDTSPYYGGTLSEKMLGMALKASGVPRDQYIVSTKCGRYKEGFDFSAERVTRSIDESLERLQLDYVDILQCHDIEFGSLDQIVNETIPALLKLKETGKIR 
Sotu         1 FDTSPYYGGTLSEKVLGKALKALGVPRDQYIVSTKCGRYKEGFDFSAERVTKSIDESLERLQLDYVDMLQCHDIEFGSLDQIVNETLPALLKLKQAGKIR 
Glma         1 FDTSPYYGGTLSEKVLGKALKALGAPRNSYVVATKCGRYKEGFDFSAERVTRSIEESLERLQLDYVDILQCHDIEFGSLDQVVNETIPALVKLKEAGKAR 
Mado         1 FDTSPYYGGTLSEKVLGKTLKALGVPRSEYVVATKCGRYADGFDFSADRVTKSIDESLERLQLDYVDILQCHDIEFGSLDQIVNETIPALKKLKEAGKIR 
Arth         1 FDTSPYYGGTLSEKMLGKGLKALQVPRSDYIVATKCGRYKEGFDFSAERVRKSIDESLERLQLDYVDILHCHDIEFGSLDQIVSETIPALQKLKQEGKTR 
Cume         1 FDTSPYYGRNLSEKMLGKGLKALGVPRSEYIVSTKCGRYGEGFDFSAERVTRSIDESLARLQLDYVDILHCHDIEFGSLDQIVNETIPALQKLKEAGKTR 
Acde         1 FDTSPYYGGTLSEKVLGKALKALGVPRNEYIVSTKCGRYAEGFDFSAERVTKSFDESLERLQLDYVDILQCHDIEFGSLDQIVNETIPALQKLKEAGKIR 
Magl         1 FDTSPFYGGTMSEKMLGKGLKALGVPRNEYIVSTKCGRYKEGFDFSAERVTRSIEESLERLQLDYVDILLCHDIEFGSLDQVVNETIPALQKLKEAGKTR 
Thca         1 FDTSPYYGGTLSEKMLGKGLKALGVPRNEYIVSTKCGRYREGFDFSAERVTKSIDESLERLQLDYVDILQCHDIEFGSLDQVVNETIPALQKLKEAGKIR 
Ciun         1 FDTSPYYGGTLSEKMLGKALKAAGVPRNEYIVSTKCGRYVDGFDFSAERVTRSIDESLARLQLDYVDILQCHDIEFGSLDQIVNETIPALQKQKEAGKIR 
Vivi         1 FDTSPYYGGTLSEKVLGKCLKAVGMPRNEYIVSTKCGRYAEGFDFSAERITRSIDESLARLQLDYVDILQCHDIEFGSLDQVVNETIPALQKLKEAGKIR 
consensus    1 *****.**  .***.**  ***   **  *.* ****** .******.*. .* .*** ********.* ***********.* **.*** * *  ** * 
 
 
Mydu       101 FIGITGLPLGIFTYVLDRVPPGSVDVVLSYCHFSINDNTLEDLLPYLKSKGVGIISASPLAMGLLTEGGPPEWHPAPPELKSACQDAAAFCQKKGKNISK 
Eugr       101 FIGITGLPLGIFTYVLDRVPPGSVDVVLSYCHFSINDNSLEDLLPYLKSKGVGIISASPLAMGLLTESGPPEWHPAPPELKSACQDAAAFCQKKGKNISK 
Sotu       101 FIGITGLPLGIFTYVLDRVPPGTVDVILSYCHYSVNDSTLEDLLPYLKSKGVGVISASPLSMGLLTEAGGPEWHPASSELKAACRAAADHCKGKGKNISK 
Glma       101 FIGITGLPLGIFSYVLDRVPPGTLDVVLSYCHYCVNDTSLGDLVPYLKTKGVGIINASPLSMGLLTESGPPEWHPASLELKSACQAAATHCKEKGKNISK 
Mado       101 FIGITGLPLGIFTYVLDRIPAGMVDVVLSYCHYGINDSTLEDLILYLKSKGVGIISASPLAMGLLTENGPPEWHPASAELKSACRAAAVYCKERGNNISK 
Arth       101 FIGITGLPLDIFTYVLDRVPPGTVDVILSYCHYGVNDSTLLDLLPYLKSKGVGVISASPLAMGLLTEQGPPEWHPASPELKSASKAAVAHCKSKGKKITK 
Cume       101 FLGITGLPLEIFTYVLDRVPPGTIDVILSYCHYSINDSTLLDLLPYLKSKGVGIISASPLAMGLLTDQGPPEWHPASPELKSACQAAADHCRKKGRNITK 
Acde       101 FIGITGLPLGVFTYVLDRVPPGTVDVILSYCHYSINDSTLEDLLPYLKSKGVGVISASPLAMGLLTESGPPEWHPASPELKAACQAAAAHCKEKGRNISK 
Magl       101 FIGITGLPLSVFTYVLDRVPPGTVDVILSYCHYSINDSTLVDLLPYLKSKGVGVISASPLAMGLLTENGPPEWHPASPELKAACKAAAAYCKEKGKSISK 
Thca       101 FIGITGLPLEIFTFVLDRVPPGTVDVILSYCHYSINDSTLEDLLPYLKNKGVGVISASPLAMGLLTELGPPDWHPASPELKSACQAAAAYCKEKGKNISK 
Ciun       101 FIGITGLPLEIFTYMLDRVPPGAVDVILSYCHYSINDSTLEDLLPYLKSKGVGVISASPLAMGLLTDNGPPEWHPASPELKSACKAAAARCKEKGKNISK 
Vivi       101 FIGITGLPLEIFTYVLDRVPPGSVDVILSYCHYSINDTTLEDLLPYLKSKGVGVISASPLAMGLLTERGPPEWHPASPELKSACQAAAAHCKEKGKNISK 
consensus  101 *.******* .*...***.* * .**.*****. .** .* **. *** ****.* **** *****. * *.****  *** *   *   *  .*  *.* 
 
 
Mydu       201 LAMQYSLTNKDISSVLVGMNSVKQVGENVAAAIELVSAGMDQEMLSEVEAILKPVKN 
Eugr       201 LAMQYSLTNKDISSVLVGMNCVKQVEENVAAAVELASAGMDQETLSEVEAILKPVKN 
Sotu       201 LALQYSLANTDISSILVGMKSVKEVEENIAAALELETAGMDEETLSEITDILKPVKN 
Glma       201 LALQYSLLNKEITSVLVGMKSVEQVEENVAAARELATSGIDEETLSEVEAILKPVKN 
Mado       201 LALQYSLSNKDISSVLVGMNSINQVEENVAAAVELATIGKNEKILAEVEAILKPVKN 
Arth       201 LALQYSLANKEISSVLVGMSSVSQVEENVAAVTELESLGMDQETLSEVEAILEPVKN 
Cume       201 LAIQYSLVNKDISTVLVGMNSVRQVEENVAAAEELATFGRDEETLSEVEAILNPVKN 
Acde       201 LAMQYSLSNKDISSILVGMNSVKQVEENVAAANELATFGKDEKTVSEIEEILKPVKN 
Magl       201 LAMQYGLGNKDIPTVLVGMKSVKQVEENVAAATELATFGKDHQALSEINAILSSVKN 
Thca       201 LAMQYSLSNEDISSVLVGMNSVKQVEENVAAATEVALFGKDLETLSEIEAILKPVKN 
Ciun       201 IAMQYSLSNKDISSVLVGMNSVKQVQENVTAASELALFGKDQEALTEVEAILKPVKN 
Vivi       201 LAMQFSLSNKDISSVLVGMNSIKQVEENVAAATELAIFGKDEETLSEVEAILNPVKN 
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Fig. S6. Amino acid sequence alignment of L-galactose dehydrogenase (GDH) from M. dubia with 
sequences from other plant species. Mydu: Myrciaria dubia (KJ502654), Eugr: Eucalyptus grandis 
(KCW63489.1), Sotu: Solanum tuberosum (XP_006361976.1), Glma: Glycine max (NP_001241241.1), 
Mado: Malus domestica (NP_001281014.1), Arth: Arabidopsis thaliana (NP_195093.1),  
Cume: Cucumis melo (XP_008455112.1), Acde: Actinidia deliciosa (AAO18639.1), Magl: Malpighia 
glabra (ACG75921.1), Thca: Theobroma cacao (XP_007041459.1), Ciun: Citrus unshiu 
(ADV59927.1), Vivi: Vitis vinifera (NP_001267942.1)  
 
Mydu         1 ARCGLGGLGVVAEVTLQCVDRQELVEHTTVSTIQEIKKNHKKFLSENKHVKYLYIPYTDTVVVVTCNPVSKWKGPPKFKPKYTADEALQHVRQLYQESLQ 
Eugr         1 ARCGLGALGVVAEVTLQCVDRQELVEHTTVSTMQEIKKNHKKLLSENKHVKYLYIPYTDTVVVVTCNPVSKWKSPPKFKPKYTVDEALQHVRQLYQESLQ 
Vivi         1 ARCGLGGLGVVAEVTLQCVERQELVEHTVVSNMKEIKKNHKKLLSENKHVKYLYIPYTDTVVVVTCNPVSKWKGPPKFKPKYSHDEAIQHVRHLYQESLK 
Acde         1 ARCGLGGLGVVAEVTLQCVERQELVEHTFVSNMKEIKKNHKKLLSENKHVKYLYIPYTDTVVVVTCNPVSKWKGPPKFKSKYSHDEAIQPVRDLYQESLK 
Arth         1 ARCGLGGLGVVAEVTLQCVARHELVEHTYVSNLQEIKKNHKKLLSANKHVKYLYIPYTDTVVVVTCNPVSKWSGPPKGKPKYTTDEAVQHVRDLYRESIV 
Roro         1 ARCGLGGLGVVAEVTIQCVDRQELLEHTIVSNMEEIKKNHKKLLSENKHVKYLYIPYTDTVVVVTCNPVSKWKGPPKFKPKYTTDEAIQHVRDLYRECLK 
Metr         1 ARCGLGGLGVVAEVTLQCVDRQELVEHTFVSTMDEIKKNHKKLLSENKHVKYLYIPYTESAVVVRCNPVSKWKGPPKFKPKYTKDEAIQHVRDLYRESIQ 
Ciun         1 ARCGLGGLGVVAEVTLQCVERQELVEHTTVSNIKEIKKNHKKLLSENKHVKYLHIPYTDTVVVVTCNPVSKWKGPPKFKPKYTKNEALQHLPDLYRESLK 
Soly         1 ARCGLGGLGVVAEVTLQCVERQELVEHTFLSNMKDIKKNHKKFLSENKHVKYLYIPYTDAVVVVTCNPMSKEKGPPKNKPKYTAEEALQHVRDLYLESLT 
Thca         1 ARCGLGGLGVVAEVTIQCVERQELVEHTSVSNMKDIKKNHKKMLSENKHVKYLYIPYTDTVVVVTCNPVSKWRGPPKFKPKYTKDEAMQHVRELYKESLK 
Magl         1 ARCGLGGLGVVAEVTLQCVERQQLVEHTYISNMKDIRKNHKKLLSDNKHVKYLYIPYTDAVVVVTCNPVSKWRGVPKFTPKYTEDEALQHVRDLYQEPLN 
Cume         1 ARCGLGGLGVVAEVTLQCVERQELVEHTYISNMKDIKKNHKKLLADNKHVKYLYIPYTDAIVVVTCNPISKWRGPPKFKPKYTSEEAIQHVRDLYVESLK 
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Mydu       101 KYRP---DVKFSNEDEPDINELSFTELRDKLLALDPLNKDHVIKVNQAEAEFWKKSEGYRVGWSDEILGFDCGGQQWVSETCYPAGTLSKPSMKDIEYIE 
Eugr       101 KYRP---EVKSSNDDEPDINELSFTELRDKLLALDPLNKDHVIKVNQAEADFWKKSEGYRVGWSDEILGFDCGGQQWVSETCFPAGTLSKPSMKDLEYIE 
Vivi       101 KYSPEAITAKSSDNSEPDINELSFTELRDKLLALDPLNKDHVIQVNQAEAEFWRKSEGYRVGWSDEILGFDCGGQQWVSETCFPAGTLAKPSMKDLEYIE 
Acde       101 KYRGEEIAAKPLDNNEPDINDLSFTELRDKLLALDPLNKDHVVKVNQAEAEFWMKSEGYRLGWSDEILGFDCGGQQWVSETCFPAGTLSKPSMKDLQFME 
Arth       101 KYRVQDSGKKSPDSSEPDIQELSFTELRDKLLALDPLNDVHVAKVNQAEAEFWKKSEGYRVGWSDEILGFDCGGQQWVSESCFPAGTLANPSMKDLEYIE 
Roro       101 KYRVVP-------DNSVDINELSFTELRDKLLALNPLNKDHIVKVNQAEAEFWRKSEGYRVGWSDEILGFDCGGQQWVSETCFPAGTLAKPSMKDLEYIA 
Metr       101 KYRVEGSRNKSSDDDEQNIDELSFTELRDRLIALDPLNKNHIVKVNQAEAEFWKKSEGYRVGWSDEILGFDCGGQQWVSETCFPAGKLATPSMKDLEYIE 
Ciun       101 KYRADVMTAKSPDGTEPDINELSFTELRDKLLALDPLNKEHVIKVNQAEAEFWRKSEGYRVGWADEILGFDCGGQQWVSETCFPSGTLAKLSMKDLEYTE 
Soly       101 KYRDSG------SPSEPEIVELSFTELRDKLLAMDPLNKEHVIKVNKAEAEYWRKSEGYRVGWSDEILGFDCGGHQWVSETCFPAGTLSKPSMKDLEYIE 
Thca       101 KYRAREITSTSPDSNEPDVNEFSFTELRDKLLALDPLNKDHVMKVNHAEAEFWRRSEGYRVEWSDEILGFDCGGQQWVSETCFPAGTLSKPSMKDLEYIE 
Magl       101 KYRGGEITSKSSEDDSPDINELSFTELRDKLLALDPLNKDHVIKVNQAEAEFWRKSEGYRVGWSDEILGFDCGGQQWVSETCFPAGTLANPSMQDLDYIE 
Cume       101 KYSASEER---------DINEFSFTELRDKLLALDPLNKEHVMKVNQAEAEFWRKSEGYKVGWSDEILGFDCGGQQWVSETCFPAGTLAKPNMKDIEYIE 
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Mydu       198 ELKQLIEKEHIPAPAPIEQRWTARSKSPMSPASSPAEDDIFSWVGIIMYLPTSDARQRKEITEEFFHYRRLTQEWLWDRYSAYEHWARL 
Eugr       198 ELKRLIEKEDIPAPAPIEQRWTARSKSPMSLASSPAEDDIFSWVGVIMYLPTSDARQRKEITEEFFHYRRLTQERLWDRYSAYEHWAKI 
Vivi       201 DLKKLIEKEEIPAPAPIEQRWTASSKSPMSPASSSAEDDIFSWVGIIMYLPTMDARQRKEITEEFFHYRRLSQTQLWDLYSAYEHWAKI 
Acde       201 EVMQLIEKEMIPAPAPIEQRWTARSKSPMSPASSAAEEDIFSWVGIIMYLPTMDPRQRKEITEKFFHYRRLTQTQLWDQFSAYEHWAKI 
Arth       201 ELKKLIEKEAIPAPAPIEQRWTARSKSPISPAFSTSEDDIFSWVGIIMYLPTADPRQRKDITDEFFHYRHLTQKQLWDQFSAYEHWAKI 
Roro       194 DLKQLIEKEEIPAPAPIEQRWTASTKGPMSPASSSREDDIFSWVGIIMYLPTTDARQRKDITEEFFHYRHLTQTRLWDTYSSYEHWAKI 
Metr       201 ELKKLIEKEEIPAPAPIEQRWTASTRSPMSPASSPSQDDIFSWVGIIMYLPTMDARQRKDITEEFFHYRHLTQAKLWDNYSAYEHWAKI 
Ciun       201 ELKQLIEKEDIPAPAPIEQRWTARSQSVMSPAYSSVQDDIFSWVGIIMYLPTMDARQRKEITDEFFNYRHLTQKQLWDQYSAYEHWAKI 
Soly       195 ELMQLIEKESVPAPAPIEQRWTACSKSQMSPAYSSADDDIFSWVGIIMYLPTMDARQRRQITEEFFHYRHMTQSQLWDQYSAFDHWAKI 
Thca       201 ELKQLIEKEEIPAPAPIEQRWTACSQSPMSPASSSAEDDIFSWVGIIMYLPSMDARQRKEITEEFFHYRHLTQAQLWDKYAAYEHWAKI 
Magl       201 DLKQLIEKEDIPAPAPIEQRWTARSQSSMSVASSSKEDDIFSWVGIIMYLPTMDARQRKEITEEFFHYRHLTQAELWDKYSAYEHWAKI 
Cume       192 ELKQLIEKENIPAPAPLEQRWTGRSKSPMSPASSTAEDDIFSWVGIIMYLPTSDARQRKEITEEFFHYRHLTQTLLWDKFSAFEHWAKI 
consensus  201 ..  ***** .*****.*****. .   .* * *   .*******.*****. * ***. **. ** ** ..*  *** .  ..***.. 

 
Fig. S7. Amino acid sequence alignment of L-galactono-1,4-lactone dehydrogenase (GLDH) from  
M. dubia with sequences from other plant species. Mydu: Myrciaria dubia (KJ502655),  
Eugr: Eucalyptus grandis (KCW90072.1), Vivi: Vitis vinifera (ACN59217.1), Acde: Actinidia 
deliciosa (ADB85575.1), Arth: Arabidopsis thaliana (BAA95212.1), Roro: Rosa roxburghii 
(AAT67210.1), Metr: Medicago truncatula (AES60484.2), Ciun: Citrus unshiu (ACO92659.1), Soly: 
Solanum lycopersicum (NP_001234603.1), Thca: Theobroma cacao (XP_00728561.1), Magl: 
Malpighia glabra (ACG75919.1), Cume: Cucumis melo (NP_001284400.1) 
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