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Figure S1. Bayesian phylogenetic tree of glucose-6-phosphate isomerase (GPI) based on GPI amino 
acid sequences. The GPIs of Neoporphyra haitanensis originated from primary endosymbiotic 
eukaryotic hosts. All protein accession numbers are listed in Table S3. 
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Figure S2. Bayesian phylogenetic tree of phosphoglucomutase (PGM) based on PGM amino acid 
sequences. The PGMs of Neoporphyra haitanensis seemed that there were two origins, one was 
primary endosymbiotic cyanobacteria and the other cannot be confirmed. All protein accession 
numbers are listed in Table S3. 
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Figure S3. Bayesian phylogenetic tree of UDP-glucose pyrophosphorylase (UGP) based on UGP 
amino acid sequences. The UGPs of Neoporphyra haitanensis originated from primary endosymbiotic 
eukaryotic hosts. All protein accession numbers are listed in Table S3. 
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Figure S4. Bayesian phylogenetic tree of glycogen (starch) synthases (G(S)S) based on G(S)S amino 
acid sequences. The SSUDPG of Neoporphyra haitanensis may have originated from primary 
endosymbiotic eukaryotic hosts. All protein accession numbers are listed in Table S3.  
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Figure S5. Bayesian phylogenetic tree of branching enzyme (BE) based on BE amino acid sequences. 
The BE of Neoporphyra haitanensis originated from primary endosymbiotic eukaryotic hosts. All 
protein accession numbers are listed in Table S3.  
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Figure S6. Bayesian phylogenetic tree of isoamylase (ISA) and glycogen debranching enzyme (GlgX) 
based on ISA and GlgX amino acid sequences. The ISA of Neoporphyra haitanensis may have 
originated from bacteria via horizontal gene transfer. All protein accession numbers are listed in Table 
S3. 
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Figure S7. Bayesian phylogenetic tree of pullulanase (PUL) based on PUL amino acid sequences. The 
PUL of Neoporphyra haitanensis originated from primary endosymbiotic cyanobacteria. All protein 
accession numbers are listed in Table S3. 
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Figure S8. Bayesian phylogenetic tree of alpha-amylase (AMY) based on AMY amino acid sequences. 
The AMYs of Neoporphyra haitanensis may have originated from primary endosymbiotic eukaryotic 
hosts. All protein accession numbers are listed in Table S3. 
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Figure S9. Bayesian phylogenetic tree of beta-amylase (BAM) based on BAM amino acid sequences. 
The BAM of Neoporphyra haitanensis may have originated from primary endosymbiotic eukaryotic 
hosts. All protein accession numbers are listed in Table S3. 
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Figure S10. Bayesian phylogenetic tree and domain arrangement of glucan water dikinase (GWD),  
phosphoglucan water dikinase (PWD), pyruvate phosphate dikinase (PPDK), and pyruvate water 
dikinase (PPS) based on the amino acid sequences of GWD, PWD, PPDK, and PPS. The GWDs and 
PWD of Neoporphyra haitanensis may have originated from primary endosymbiotic eukaryotic hosts. 
All protein accession numbers are listed in Table S3. Domain architecture of proteins is shown, and 
different colored blocks represent different types of conserved domains. Amino acid length scale is 
shown at the bottom. PPDK_N, pyruvate phosphate dikinase, PEP/pyruvate binding domain; AmyA, 
alpha-amylase; AmyA_C, alpha-amylase C-terminal beta-sheet domain; CBM20, carbohydrate-
binding module 20. 
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Figure S11. Bayesian phylogenetic tree of phosphorylase (PHO) based on PHO amino acid sequences. 
The PHO of Neoporphyra haitanensis originated from primary endosymbiotic eukaryotic hosts. All 
protein accession numbers are listed in Table S3. 
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Figure S12. Bayesian phylogenetic tree of disproportionating enzyme (DPE1) and 4-alpha-
glucanotransferase (DPE2) based on DPE1 and DPE2 amino acid sequences. The DPE2 of 
Neoporphyra haitanensis may have originated from primary endosymbiotic eukaryotic hosts. All 
protein accession numbers are listed in Table S3. 
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Figure S13. Bayesian phylogenetic tree and domain arrangement of dual-specificity phosphatase 
starch excess 4 (SEX4) and dual specificity phosphatase (DSP) based on amino acid sequences of 
SEX4 and DSP amino acid sequences. The SEX4 of Neoporphyra haitanensis may have originated 
from primary endosymbiotic eukaryotic hosts. All sequence information is shown in Supplementary 
Table 1. Domain architecture of proteins is shown, and different colored blocks represent different 
types of conserved domains. Amino acid length scale is shown at the bottom. DSP, dual specificity 
phosphatase domain; CBM20, carbohydrate-binding module 20; SRP19, signal recognition particle 19 
protein; cTP, chloroplast transit peptide; CBM48, carbohydrate-binding module 48; CT, C-terminal 
domain; Act-Frag_cataly, actin-fragmin kinase, catalytic; AFK, actin-fragmin kinase. 
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Figure S14. Bayesian phylogenetic tree of UDP-glucose-4-epimerase (GALE) based on GALE amino 
acid sequences. The GALE of Neoporphyra haitanensis originated from primary endosymbiotic 
eukaryotic hosts. All protein accession numbers are listed in Table S3. 
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Figure S15. Bayesian phylogenetic tree of glycerol-3-phosphate dehydrogenase (GPDH) based on 
GPDH amino acid sequences. The GPDHs of Neoporphyra haitanensis seemed that there were two 
origins, one was primary endosymbiotic eukaryotic hosts and the other cannot be confirmed. All 
protein accession numbers are listed in Table S3. 
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Figure S16. Bayesian phylogenetic tree of glycerol kinase (GK) based on GK amino acid sequences. 
The GK of Neoporphyra haitanensis originated from primary endosymbiotic eukaryotic hosts. All 
protein accession numbers are listed in Table S3. 
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Figure S17. Bayesian phylogenetic tree of trehalose-6-phosphate synthase (TPS), trehalose-6-
phosphate phosphatase (TPP), and glucosyl-glycerol phosphate synthase (GGPS) based on TPS, TPP, 
and GGPS amino acid sequences. The TPSs of Neoporphyra haitanensis may have originated from 
primary endosymbiotic eukaryotic hosts and TPPs of Neoporphyra haitanensis may have originated 
from bacteria via horizontal gene transfer. All protein accession numbers are listed in Table S3. 

2.0

Porphyra_umbilicalis_OSX79290.1

Aureococcus_anophagefferens_XP_009034302.1

Thermoproteus_uzoniensis_WP_052886074.1

Cyanobacteria_aponinum_AFZ52557.1

Emiliania_huxleyi_XP_005777757.1

Chondrus_crispus_XP_005710571.1

Porphyridium_purpureum_KAA8495657.1

Picrophilus_torridus_WP_011178010.1

Porphyra_umbilicalis_OSX71025.1

Emiliania_huxleyi_XP_005760784.1

Arabidopsis_thaliana_NP_001322467.1

Crocosphaera_watsonii_WP_007305666.1

Chondrus_crispus_XP_005712424.1

Klebsormidium_nitens_GAQ88355.1

Neoporphyra_haitanensis_ph05159.t1

Chondrus_crispus_XP_005713306.1

Aureococcus_anophagefferens_XP_009034954.1

Klebsormidium_nitens_GAQ82083.1

Methanobacterium_paludis_WP_013826053.1

Saccharina_japonica_scaffold187g1447.t1

Saccharomyces_cerevisiae_NP_010359.1

Cyanidioschyzon_merolae_XP_005538088.1

Mycobacterium_tuberculosis_YP_009360768.1

Emiliania_huxleyi_XP_005780280.1

Cyanophora_paradoxa_Contig8724

Emiliania_huxleyi_XP_005760548.1

Neopyropia_yezoensis_scaffold_ZULJ_2072875

Nadsonia_fulvescens_ODQ67122.1

Emiliania_huxleyi_XP_005780604.1

Cyanidioschyzon_merolae_XP_005537876.1

Arabidopsis_thaliana_NP_194485.1

Methanothermobacter_marburgensis_WP_013295161.1

Chlamydomonas_reinhardtii_XP_001702356.1

Emiliania_huxleyi_XP_005777673.1

Porphyridium_purpureum_KAA8496157.1

Rhizopus_azygosporus_RCH85147.1

Emiliania_huxleyi_XP_005760783.1

Arabidopsis_thaliana_NP_001319403.1

Chondrus_crispus_XP_005713653.1

Saccharina_japonica_scaffold1373g340.t1

Komagataeibacter_hansenii_WP_003617447.1

Cyanophora_paradoxa_Contig9384

Phaeodactylum_tricornutum_XP_002183251.1

Arabidopsis_thaliana_NP_201319.2

Guillardia_theta_XP_005840302.1

Cyanidioschyzon_merolae_XP_005538831.1

Aureococcus_anophagefferens_XP_009038176.1

Arabidopsis_thaliana_NP_172129.1

Neoporphyra_haitanensis_ph10797.t1

Cyanobacteria_TDX16_OWY73040.1

Arabidopsis_thaliana_NP_179809.2

Phaeodactylum_tricornutum_XP_002180425.1

Guillardia_theta_XP_005823293.1

Guillardia_theta_XP_005834609.1

Neoporphyra_haitanensis_ph00688.t1

Cyanophora_paradoxa_Contig12796

Mesorhizobium_ciceri_AMY03676.1

Arabidopsis_thaliana_NP_177186.2

Rhizopus_azygosporus_RCH86633.1

Saccharina_japonica_scaffold3437g2330.t1

Cyanobacteria_sp.IPPAS_B_1200_OEJ77565.1

Porphyra_umbilicalis_OSX71022.1

Arabidopsis_thaliana_NP_001322706.1

Porphyridium_purpureum_KAA8495604.1

Arabidopsis_thaliana_NP_001332432.1
Arabidopsis_thaliana_NP_193990.1

Emiliania_huxleyi_XP_005760334.1

Porphyridium_purpureum_KAA8490828.1

Arabidopsis_thaliana_NP_192980.1

Chlamydomonas_reinhardtii_XP_001698066.1

Saccharomyces_cerevisiae_NP_013608.1

Emiliania_huxleyi_XP_005777520.1

Porphyra_umbilicalis_OSX81421.1

Aureococcus_anophagefferens_XP_009043191.1

Nadsonia_fulvescens_ODQ65330.1

Arabidopsis_thaliana_NP_173142.2

Escherichia_coli_BAB36027.1

Arabidopsis_thaliana_NP_173143.4

Cyanidioschyzon_merolae_XP_005537475.1

Synechocystis_sp.IPPAS_B-1465_AVP91312.1

Saccharina_japonica_scaffold7782g461.t1

Escherichia_coli_BAB36028.1

Klebsormidium_nitens_GAQ78362.1

Arabidopsis_thaliana_NP_195687.2

Rhizopus_stolonifer_RCH91889.1

Nannochloropsis_gaditana_XP_005852433.1

Microcystis_aeruginosa_REJ57907.1

Crocosphaera_watsonii_WP_007311683.1

Neoporphyra_haitanensis_ph05156.t1

Porphyridium_purpureum_KAA8495128.1

Aureococcus_anophagefferens_XP_009039262.1

Neopyropia_yezoensis_scaffold_ZULJ_2006940

Arabidopsis_thaliana_NP_173640.1

Porphyridium_purpureum_KAA8492188.1

Arabidopsis_thaliana_NP_567538.1

Cyanophora_paradoxa_Contig17937
Cyanidioschyzon_merolae_XP_005536433.1

Neoporphyra_haitanensis_ph07423.t1

Saccharomyces_cerevisiae_NP_009684.1

Porphyridium_purpureum_KAA8496195.1

Arabidopsis_thaliana_NP_001318525.1

Saccharina_japonica_scaffold4984g1123.t1

Chlamydomonas_reinhardtii_XP_001692098.1

Porphyridium_purpureum_KAA8497702.1

Aureococcus_anophagefferens_XP_009033172.1

Aureococcus_anophagefferens_XP_009036724.1

Guillardia_theta_XP_005839880.1

Neopyropia_yezoensis_scaffold_ZULJ_2072874

Emiliania_huxleyi_XP_005777674.1

Arabidopsis_thaliana_NP_173799.1

Saccharomyces_cerevisiae_NP_013988.1

Arabidopsis_thaliana_NP_177932.1

Neopyropia_yezoensis_scaffold_ZULJ_2072688

Emiliania_huxleyi_XP_005769603.1

Nadsonia_fulvescens_ODQ66935.1

Emiliania_huxleyi_XP_005792778.1

Neoporphyra_haitanensis_ph10158.t1

Arabidopsis_thaliana_NP_564464.1

Emiliania_huxleyi_XP_005792862.1

Erwinia_amylovora_WP_004158567.1

Arabidopsis_thaliana_NP_179460.1

Cyanobacteria_stanieri_AFZ47651.1

Neopyropia_yezoensis_scaffold_ZULJ_2072903

Aureococcus_anophagefferens_XP_009038262.1

0.5

1

0.94

0.89

0.5

0.68

1

1

1

1

0.98

1

0.94

1

0.95

1

1

1

0.95

0.99

0.82

1

0.79

1

1

1

1

0.76

1

1

1

1

1

1

0.99

1

1

1

1

0.99

1

0.79

1

0.92

1

1

0.7

0.52

1

0.64

1

1

1

0.5

0.61

0.5

1

0.87

1

0.81

1

1

1

1

0.75

0.98

0.82

1

0.59

0.96

1

0.5

1

1

1

1

0.57

0.95

1

1

1

1

0.82

1

1

1

0.57

0.99

1

1

0.71

1

1

0.81

1

1

0.95

1

1

0.67

1

0.99

0.75

1

1

0.93

0.65

1

0.5

Cyanobacteria

Rhodophyta

Chlorophyta
Charophyta

Glaucophyta

Bacteria

Archaea

Fungi

Haptophyta

Ochrophyta

Plants

Rhodophyta

Rhodophyta

Rhodophyta

Rhodophyta

Rhodophyta

Rhodophyta

Rhodophyta

Bacteria

Ochrophyta

Ochrophyta

Ochrophyta

Ochrophyta

Ochrophyta

Charophyta

Charophyta

Chlorophyta

Chlorophyta

Plants

Plants

Cryptophyta

Glaucophyta

Glaucophyta

Haptophyta

Haptophyta

Fungi

Archaea

Haptophyta

Haptophyta

Haptophyta

TPP

TPS

GGPS

TPS



 19 

 

Figure S18. Bayesian phylogenetic tree of alpha-galactosidase (GLA) based on GLA amino acid 
sequences. The GLAs of Neoporphyra haitanensis may have originated from primary endosymbiotic 
eukaryotic hosts. All protein accession numbers are listed in Table S3. 
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Figure S19. Bayesian phylogenetic tree of galactose-1-phosphate uridylyltransferase (GALT) based 
on GALT amino acid sequences. The GALT of Neoporphyra haitanensis originated from primary 
endosymbiotic eukaryotic hosts. All protein accession numbers are listed in Table S3. 
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Figure S20. Diagram of gene coverage analysis results. The abscissa shows the percentage of 
individual gene base length in the total base length, whereas 0 and 100 represent the 5' and 3' ends of 
the gene, respectively. The ordinate shows the sum of the number of sequences aligned to the 
corresponding interval on the horizontal axis of all genes. 
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Figure S21. Sequencing quality detection. (a) Fragments per kilobase of exon per million mapped 
reads (FPKM) distribution in all samples. Different-colored curves represent different samples, the 
abscissa of the points on the curve represents the logarithm of the corresponding sample FPKM plus 
1, and the ordinate of the points represents the probability density. (b) Pearson correlation between 
samples. The correlation coefficients between the samples are indicated by different color shades. CK, 
control. 
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Figure S22. Volcano plots of differentially expressed genes (DEGs). The x-axis indicates the fold 
change of gene expression between different samples, and the y-axis indicates the statistical 
significance of the differences. Red, blue, and black points represent significantly upregulated, 
downregulated, and non-regulated genes, respectively. CK, control. 
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Figure S23. Gene ontology (GO) functional annotation of differentially expressed genes (DEGs) of  
Neoporphyra haitanensis transcriptome under 6 h of dark vs under control (CK). Red bars represent 
upregulated genes and blue bars represent downregulated genes. 
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Figure S24. Gene ontology (GO) functional annotation of differentially expressed genes (DEGs) of 
Neoporphyra haitanensis transcriptome under 24 h of dark vs under control (CK). Red bars represent 
upregulated genes and blue bars represent downregulated genes.   
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Figure S25. Gene ontology (GO) functional annotation of differentially expressed genes (DEGs) of 
Neoporphyra haitanensis transcriptome under 48 h of dark vs under control (CK). Red bars represent 
upregulated genes and blue bars represent downregulated genes. 
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Figure S26. Gene ontology (GO) functional enrichment of differentially expressed genes (DEGs) of 
Neoporphyra haitanensis transcriptome under 6 h of dark vs under control (CK). The horizontal axis 
represents the enrichment factor, the ordinate represents the GO term, the point size indicates the DEG 
number, and the color atlas from blue to red represents uncorrected P-values. 
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Figure S27. Gene ontology (GO) functional enrichment of differentially expressed genes (DEGs) of 
Neoporphyra haitanensis transcriptome under 24 h of dark vs under control (CK). The horizontal axis 
represents the enrichment factor, the ordinate represents the GO term, the point size indicates the DEG 
number, and the color atlas from blue to red represents uncorrected P-values. 
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Figure S28. Gene ontology (GO) functional enrichment of differentially expressed genes (DEGs) of 
Neoporphyra haitanensis transcriptome under 48 h of dark vs under control (CK). The horizontal axis 
represents the enrichment factor, the ordinate represents the GO term, the point size indicates the DEG 
number, and the color atlas from blue to red represents uncorrected P-values. 



 30 

 

Figure S29. Pathway functional enrichment analysis of differentially expressed genes (DEGs) of 
Neoporphyra haitanensis transcriptome under 6 h of dark vs under control (CK). The horizontal axis 
represents the enrichment factor, the ordinate represents the pathway name, the point size indicates the 
DEG number, and the color atlas from blue to red represents uncorrected P-values. 
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Figure S30. Pathway functional enrichment analysis of differentially expressed genes (DEGs) of 
Neoporphyra haitanensis transcriptome under 24 h of dark vs under control (CK). The horizontal axis 
represents the enrichment factor, the ordinate represents the pathway name, the point size indicates the 
DEG number, and the color atlas from blue to red represents uncorrected P-values. 
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Figure S31. Pathway functional enrichment analysis of differentially expressed genes (DEGs) of 
Neoporphyra haitanensis transcriptome under 48 h of dark vs under control (CK). The horizontal axis 
represents the enrichment factor, the ordinate represents the pathway name, the point size indicates the 
DEG number, and the color atlas from blue to red represents uncorrected P-values. 
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Figure S32. qRT-PCR validation of RNA-seq at 8 selected target genes. Abbreviations: C, control; T1, 
6 h after darkness; T2, 24 h after darkness; T3, 48 h after darkness; qPCR, qRT-PCR; FPKM, the 
fragments per kilobase of exon per million mapped reads. 
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Figure S33. LC-MS analysis of floridoside and isofloridoside. (a) The chromatogram map and mass 
spectrum of floridoside standard (peak at 2.99 min, [M]-=253.0935). (b) Representative liquid 
chromatography separation of purified floridoside (peak at 2.99 min) and isofloridoside samples (peak 
at 3.14 min). (c) Mass spectrum of floridoside peak (2.99 min). (d) Mass spectrum of isofloridoside 
peak (3.14 min). 
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Figure S34. Total floridoside and isofloridoside contents (three replicates per treatment). Error bars 
indicate the standard deviation (SD) for three measurements. Asterisks indicate significant differences 
between darkness and the control for each group (P < 0.05). CK, control; FW, fresh weight. 

 


