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Supplementary Figure 1 | Population-based thermal-time threshold modeling of Chenopodium 
album dimorphic seeds. (A) Germination rates (GRg), i.e. the inverse of time to germination for a 
given percentage of the population (1/tg), of after-ripened (AR) black and freshly harvested (FH) brown 
seeds of seedlot #1 were calculated from the germination kinetics (Figure 1D), and plotted against the 
temperatures. Single-plate values for the sub-optimal (colder) temperature range for the different 
percentage fractions are presented and were used in linear regression analysis with GraphPad Prism v7 
to calculate regression lines and to estimate base temperatures (Tbase, derived from intercepts with x-
axis) and thermal-time constants (Qcold(g); derived from different slopes). (B) Frequency distribution of 
Qcold(g) and in the seed populations calculated from the standard deviations (SD) of the thermal-time 
constant at 50% germination (Qcold(50%)); the non-germinating seed fraction populations are indicated. 
(C,D) The corresponding analysis for seedlot #2. (E) Full thermal-time analysis of seedlot #1 including 
in the supra-optimal (warmer) temperature range, estimated optimal temperatures (Topt.) and thermal-
time constants Qwarm ± SEM (slopes are similar in the supra-optimal temperature range). (F) Estimated 
ceiling temperatures (Tc) which are normal distributed around Tc(50%). 
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Supplementary Figure 2 | Effect of light and hormones on the germination of Chenopodium 
album dimorphic seeds. (A) Effects of continuous darkness and white light (100 µmol m-2 s -1) on the 
maximal germination percentages (Gmax) of after-ripened (AR) and freshly harvested (FH) mature 
seeds of seedlot #1 imbibed at 24°C for 20 days. (B) Endosperm rupture of FH brown and AR black 
seeds imbibed for 10 days in the absence or presence of abscisic acid (ABA) at the concentrations 
indicated. (C) The effect of kinetin (40 µM), KNO3 (10 mM), DMSO (0.1%) and MeOH (0.1%) on 
the Gmax of imbibed black seeds at 24°C for 20 days. (D) The effect of GA4+7 (GA) and fluridone on 
the germination of brown seeds of seedlot #2. Mean ± SEM values are presented.  
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Supplementary Figure 3 | Gibberellin metabolite contents in dry and imbibed Chenopodium 
album dimorphic seeds. Temporal GA metabolite content comparison in seedlots #1 and #2 at 24ºC, 
and AR #1 black seeds at 12ᵒC; Mean ± SEM values are presented. The 13-non-hydroxylated and the 
13-hydroxylated GA biosynthesis and catabolic pathways with key enzymes (GA 20- oxidases, GA 3- 
oxidases, GA2-oxidases) are indicated. For further details, methods and references see the main text.  
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  Supplementary Material - Loades et al. (2023) 

 6 

 
Figure S4 continued next page… 
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Supplementary Figure 4 | BLAST analysis of Chenopodium quinoa GA and ABA metabolism 
gene transcripts. To identify Chenopodium sequences the C. quinoa genome was mined and BLAST 
analyses conducted with the A. thaliana and C. quinoa transcript sequences via TAIR and Phytozome 
as presented in the workflow and tables. For further details and references see the main text.  
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Supplementary Figure 5 | Transcript expression patterns of GA and ABA metabolism genes 
during Chenopodium quinoa seed germination. Differentially expressed genes from the published 
transcriptomes of Hao et al. (2022) and Wu et al. (2020) are presented. For further details and the 
references see the main text. Presented mean ± SEM values are the cumulative transcript abundances 
for the corresponding C. quinoia genes listed in the table. See Figures 5, 6, S4 and S7 for BLAST 
analyses and phylogenies of the C. quinoia sequences. 
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Supplementary Figure 6 | BLAST analysis of identified Chenopodium album GA and ABA 
metabolism gene sequences against Chenopodium quinoa (A) and Arabidopsis thaliana (B).  
PCR cloned C. album sequences EL36 (CalGA20ox1), EL39 (CalGA20ox2), EL37 (CalGA20ox3), 
EL51 (CalGA3ox1/2), EL12 (CalGA3ox3/4), EL13 (CalGA3ox1/4), EL45 (CalGA2ox2), EL02 
(CalNCED3), EL02 (CalNCED3), EL49 (CalNCED5), EL07 (CalNCED6A), EL16 (CalNCED6B), 
EL61 (CalCYP707A1/3), EL65 (CalCYP707A2), EL67 (CalCYP707A4) with Chenopodium album 
Genbank accession numbers (BankIt sequence submissions #2664064 and #2668656). Naming of C. 
album GA-oxidase sequences was according to their top BLAST results for A. thaliana (Figure 5 and 
Supplementary Figure 7) which is not necessarily related to their subgroup in the phylogenetic trees 
(Supplementary Figure 6B). Naming of C. album NCED and CYP707A sequences was according to 
the subgroup in the phylogentic trees (Figure 6) and their top BLAST results for A. thaliana 
(Supplementary Figure 6B). Note that CalNCED6B and its putative C. quinoa ortholog AUR62017575 
are both short sequences which are according to BLAST analyses NCED6 homologs (Supplementary 
Figures 4D and 6). For further details and references see the main text. 
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Supplementary Figure 7 | Phylogenetic tree of the predicted amino acid sequences of GA 2-
oxidases (GA2ox). Known and putative amino acid NCED (A) and CYP707A (B) sequences of 
Chenopodium quinoa, Chenopodium album and other Amaranthaceae plus selected Brassicales and 
Cucurbitales species (as indicated) were aligned using ClustalW and Neighbor-Joining trees were built 
as described in methods. Chenopodium quinoa (Supplementary Figure 4) and the C. album 
(Supplementary Figure 6) sequence (CalGA2ox2 - EL45) representing the C19-GA 2-oxidase and C20-
GA 2-oxidase subgroups were identified. An * indicates identified DEGs during C. quinoa seed 
germination (Supplementary Figure 5). 
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Supplementary Table 1 | Primers used for PCR cloning of Chenopodium album sequences. 
 

Name of amplified  
C. album sequence 

Primer type Primer sequence (5’-3’) Genbank 
acession 
number b 

EL23 (PUB33-like) a Forward GCTCATATCCCGGCACAAGA OQ360687 
Reverse TAAGCCTCCTCCTTAGCGGT 

EL25 (ACT7-like) a Forward GTCATGGTTGGTATGGGCCA OQ360688 
Reverse GTGAAGGCTGGAAGAGGACC 

EL27 (CDC27B) a Forward TTTTCAGCGAGCTGTGCAAC OQ360689 
Reverse GCAACTTTTCAATGGCAGCC 

EL02 Forward CTTGACTCTCCAAAGAAAGCTTCA OQ351932 
Reverse AAGCTTGACTGTCGCAACCA 

EL49 Forward ACAAGCTCTCCCTGTAAGCG OQ360683 
Reverse TCGCCCTAGTAAGTTCCGGT 

EL07 Forward TGCACCGGTTCAGGAACATC OQ351933 
Reverse CCTCATTTTCCTCCCATGCATTC 

EL16 Forward GGAGCCGTGGCCTAAATGTA OQ351934 
Reverse AGGAACCCTTGAAGGCATGC 

EL61 Forward AGAGAATCCCTCACCGACGA OQ351929 
Reverse TTGCCAGTTCATTGCCAGGA 

EL65 
 

Forward GCCCCTAAATTTCCCCGGAA OQ351930 
Reverse CTGCGCAATGGTGAATGCTT 

EL67 Forward TACTTTGGATTCGTGGGCCG OQ351931 
Reverse TGCTGGCCATCCTTAAGCTC 

EL51 Forward CGTGCTCAGTTGAGTCAGGT OQ360685 
Reverse GGTGGGTGGCATCAATGAGA 

EL12 Forward CCTGAATCGCATACATGGGC OQ351937 
Reverse TGGGGCTCGTAAAACCTTCA 

EL13 Forward ACTGCCTTCCCTCTGAGACA OQ351938 
 Reverse GCAAGCAATCATGAACCGCA  
EL36 Forward CGGGTTCGATTCGATGCAAC OQ360684 

Reverse CTAGGTCGAACAGCTTGCCA 
EL37 Forward AGAAACTCGACGCCCCAATT OQ351936 

Reverse GCATCATTGCGAGGTTCGAC 
EL39 Forward AAGCCTCATTGACCCGGAAG OQ351935 

Reverse CACTTTGTCCTTGCTTGGGC 
EL45 Forward ACAGCTGGAAGACGAAGCTC OQ360686 

Reverse TCCTTCCGCCATTGTTTCCA 
a Reference gene.     b Chenopodium album BankIt sequence submissions #2664064 and #2668656. 
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Supplementary Table 2 | Primer sequences used for the Chenopodium album RT-qPCR analysis. 
 

C. album gene name 
   (sequence name) 

Primer 
type 

Primer sequence (5’-3’) Amplicon 
length 
(bp) b 

CalPUB33-like (EL23) a Forward TGCTTTCTGCCACATCTGGT 142 
 Reverse ACACAGTCCAAGGATGCAGG  
CalACT7-like (EL25) a Forward GTCTCGTGGATACCTGCAGC 168  

 Reverse AGCTGAGAGATTCCGTTGCC 
CalCDC27B (EL27) a Forward CATGTATGATAAGGCCATGTTGCAT 117 

Reverse GCAAGAAGTTACCTTTATGGTGGC 
CalNCED3 (EL02) Forward CGTGATTGCGAAATCGTGCA 168 

Reverse GCGCATCCTAAGGTAGACCC 
CalNCED5 (EL49) Forward GTGATGGGATGGTCCATGCA 153 

Reverse CAATCCCCGAATGTCCGTGA 
CalNCED6A (EL07) Forward GGAGTGGCTAATGCTGGTGT 159 

Reverse GTGTGCAATCAACGGGCAAT 
CalNCED6B (EL16) Forward ACAAAGCATGGTTCCCCACC 108 

Reverse GGAGCCGTGGCCTAAATGTA 
CalCYP707A1/3 (EL61) Forward GGGTACCTAATTCCTAAAGGGTGG 97 

Reverse AAGGGTCAAACTTCTCAGGCTC 
CalCYP707A2 (EL65) 
 

Forward AAGGAAGCTTCTAAATGGGGACAT 194 
Reverse GCAGTAGTATCATGAGCAGCGA 

CalCYP707A4 (EL67) Forward GGCAACAAAGGACCTTCTTGGA 117 
Reverse GCTGTATCTTGAGCAGCAAACAGAA 

CalGA3ox1/2 (EL51) Forward TGGTGTTACGGGTTATGGCC 114 
Reverse GGCCAAAGTTGACGAGCATG 

CalGA3ox3/4 (EL12) Forward TTGCAATCCCGTGGTTTGTG 131 
Reverse TGCCAATGAGAAGTCGCTGT 

CalGA3ox1/4 (EL13) Forward CTCATATCCACCGTGCCCTG 108 
 Reverse TGGAGGCCACTTACATTGCC  
CalGA20ox3 (EL37) Forward ACGTTGTCTTTCCCTCACCG 72 

Reverse GCCTAAAGCCGAGGTGAAGT 
CalGA20ox2 (EL39) Forward CTAGTGGGTGAGGCTTGCC 81 

Reverse GGCATCCCTAACCAACTCGG 
CalGA2ox2 (EL45) Forward CGTAATGGCGACGTTGGTTG 139 

Reverse ACAGAGGAAAACAGAGTAGAGCG 
a Reference gene.     b Amplicon length based on C. album sequences verified by gel electrophoresis. 
 

 


