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Abstract 47 

Terrestrial plants can secrete various lipophilic metabolites to facilitate environmental adaptation. 48 

Transporters belonging to the G subfamily of ATP-binding cassette (ABCG) proteins are known to be 49 

involved in the secretion of lipophilic metabolites from plant cells. The medicinal plant Lithospermum 50 

erythrorhizon secretes lipophilic specialized metabolites, shikonin derivatives, and echinofurans, as 51 

well as triacylglycerol, a major storage lipid. However, the underlying molecular mechanism 52 

responsible remains largely uncharacterized. In this study, we identified two genes encoding ABCG 53 

transporter proteins from L. erythrorhizon, LeABCG1 and LeABCG2, by transcriptome analysis. 54 

Phylogenetically, LeABCG1 is a class A ABCG containing the members that are involved in suberin 55 

and exine deposition and jasmonic acid signaling, whereas LeABCG2 is a class D ABCG involved in 56 

cuticle formation. The genomic structures of LeABCG1 and LeABCG2 are conserved among the 57 

orthologs identified in Arabidopsis and tomato. LeABCG1 is mainly expressed in above-ground tissues, 58 

and its expression in root bark is higher than that in peeled roots. In contrast, LeABCG2 did not show 59 

organ-specific gene expression patterns. Exogenous treatment of hairy roots with intracellular and 60 

extracellular metabolites of L. erythrorhizon slightly affected the expression of these genes. Both the 61 

LeABCG1 and LeABCG2 proteins localized to the plasma membrane in plant cells, while LeABCG2 62 

was also distributed in punctate structures on the plasma membrane. Furthermore, LeABCG1 and 63 

LeABCG2 are the first two ABCG transporter proteins that are actually expressed in L. erythrorhizon, 64 

suggesting that they are involved in the secretion of lipophilic metabolites across the plasma 65 

membrane.  66 

 67 
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Introduction 72 

Plants can protect themselves from biotic and abiotic stresses by secreting lipophilic metabolites to 73 

the cell surface, which is the first line of contact with stressors. All land plants commonly transport 74 

lipophilic polymers composed of aliphatic precursors and phenolic compounds to the surfaces of 75 

specific cells and tissues. Examples of this include the Casparian strip in the root, and the pollen wall, 76 

both of which prevent water desiccation, limit UV radiation damage, and control mineral movement. 77 

Extracellular hydrophobic biopolymers are classified as waxes, cutins, suberins, and sporopollenins, 78 

depending on the site of accumulation and the structural characteristics of the polymer (Franke et al. 79 

2007; Li et al. 2019; Nawrath et al. 2013; Pollard et al. 2008; Samuels et al. 2008). Some plant species 80 

also produce small lipophilic specialized metabolites with biological activities related to the stresses 81 

of different adaptive niches (Pichersky and Lewinsohn 2011). For example, cucurbitacin, a tetracyclic 82 

triterpene in Cucurbitaceae, which is secreted into the soil to modulate the rhizosphere microbiome 83 

(Zhong et al. 2022; Zhou et al. 2016). In addition, some volatile organic compounds (VOCs) emitted 84 

into the atmosphere also have lipophilic properties (Yazaki et al. 2017).  85 

Deposition of lipophilic metabolites outside plant cells requires transport functions to move the 86 

metabolites across the plasma membrane (PM) against the substrate concentration gradient. Recent 87 

studies have implicated ATP-binding cassette (ABC) transporter proteins, particularly members of the 88 

G subfamily ABCG, in the export of lipophilic compounds into the apoplastic space (Ichino and Yazaki 89 

2022). Membrane-bound ABC transporters consist of a unit, a nucleotide-binding domain (NBD), and 90 

a transmembrane domain (TMD), the latter generally consisting of six transmembrane α-helices (Kang 91 

et al. 2011). ABC proteins structured as two units in tandem or as a single unit are referred to as full-92 

size ABC transporters and half-size ABC transporters, respectively (Kang et al. 2011).  93 

The first report of an ABCG transporter involved in apoplastic polymer formation in plants is the half-94 

size transporter AtABCG12, which is associated with cuticle formation in Arabidopsis thaliana 95 

(Pighin et al. 2004). Later, a closely related A. thaliana member, AtABCG11, was also reported to be 96 

involved in cuticle formation (Bird et al. 2007; McFarlane et al. 2010; Panikashvili et al. 2007). The 97 

Arabidopsis full-size transporter AtABCG32 and its tomato (Solanum lycopersicum) ortholog 98 

SlABCG42 have been identified to recognize cutin precursors such as 10,16-dihydroxyhexadecanoyl-99 

2-glycerol, 16-monohydroxyhexadecanoic acid, and hexadecanedioic acid (Elejalde-Palmetto et al. 100 

2021). For suberin, ABCGs such as AtABCG1, AtABCG2, AtABCG6, and AtABCG20 were 101 

identified as required for the synthesis of an effective suberin barrier in A. thaliana roots and seed 102 

coats (Yadav et al. 2014). In the Arabidopsis pollen coat, AtABCG26 is thought to translocate 103 

sporopollenin precursors (Quilichini et al. 2014). In addition, ABCG transporters are also involved in 104 

the excretion of some specialized metabolites, including antifungal terpenoids, and alkaloids. For 105 

example, Petunia x hybrida PhABCG1 exports major VOCs including methylbenzoate and benzyl 106 

alcohol (Adebesin et al. 2017), tobacco Nb-ABCG1 and Nb-ABCG2 are putative transporters for an 107 
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antimicrobial sesquiterpene capsidiol (Shibata et al. 2016), and camalexin a major phytoalexin in 108 

Arabidopsis is secreted to the leaf surface by AtABCG36 and AtABCG40 (He et al. 2019). 109 

Lithospermum erythrorhizon (Boraginaceae) is a medicinal herbal plant native to East Asia. This 110 

boraginaceous plant produces lipophilic shikonin derivatives (red pigments) that exhibit antibacterial, 111 

antioxidant, anti-inflammatory, hemostatic, and antitumor activities (Assimopoulou et al. 2004; 112 

Brigham et al. 1999; Yadav et al. 2022; Yazaki 2017). The roots of this plant have also been used as a 113 

purple dye to dye cloths for over two thousand years (Ito et al. 2023).  114 

In addition to shikonin derivatives, L. erythrorhizon also produces benzoquinone derivatives (e.g., 115 

shikono/echinofurans), which are secreted from the cells, while p-hydroxybenzoic acid (PHB)-O-116 

glucosides, rosmarinic acid, and lithospermic acid B, which accumulate in the cells (Fukui et al. 1984; 117 

Yamamoto et al. 2020; Yazaki 2017). Shikonin derivatives accumulate as red granules outside the PM 118 

and are often present on cell walls (Kiyoto et al. 2022; Tatsumi et al. 2016, 2023). Thus, the presence 119 

of extracellular red granules suggests that novel transport machinery is required for shikonin derivative 120 

accumulation. Later biosynthetic reactions for shikonin have been reported to occur in the endoplasmic 121 

reticulum (ER) (Ohara et al. 2009; Tatsumi et al. 2023; Wang et al. 2019; Yazaki et al. 2002), 122 

suggesting that the intracellular intermediates and/or terminal compounds are transferred to the 123 

apoplastic spaces across the PM. In addition, both cultured L. erythrorhizon cells and hairy roots 124 

secrete significant amounts of triacylglycerol into the apoplast as a matrix lipid to facilitate the 125 

secretion of shikonin derivatives (Tatsumi et al. 2023). However, the components responsible for the 126 

transport of these lipophilic compounds out of the cell remain poorly understood.  127 

Here, we identified two half-size ABCG transporters, LeABCG1 and LeABCG2, and analyzed their 128 

phylogenetic relationships and gene expression patterns, suggesting that both ABCG proteins transport 129 

precursors of apoplastic biopolymers and low molecular weight metabolites, including shikonin 130 

derivatives and echinofurans. We also showed that these two ABCG proteins function at the PM. Our 131 

study provides valuable new information on the transport machinery for specialized metabolites of 132 

medicinally useful borage plants. 133 

 134 

Materials and methods 135 

Reagents 136 

Phytohormones, indoleacetic acid and kinetin, were purchased from Nacalai Tesque (Kyoto, Japan) 137 

and Sigma (St. Louis, MO, USA), respectively.  Antibiotics, meropenem trihydrate, spectinomycin 138 

dihydrochloride pentahydrate (No. 195-11531), hygromycin B (No. 085-06153), and streptomycin 139 

sulfate (No. 190-14342), were also purchased from Wako, Osaka, Japan. Acetylshikonin (NH0602, 140 

Nagara Science, Gifu, Japan), 1-hexacosanol (H0342, Tokyo Chemical Industry, Tokyo, Japan), 16-141 

hydroxyhexadecanoic acid (H0675, Tokyo Chemical Industry), 2-monopalmitin (MG (0:0/16:0/0:0), 142 

31-1602-8, Larodan, Solna, Sweden), and 1,2-palmitin-3-palmitolein (TG (16:0/16:0/16:1), 34-1625, 143 
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Larodan) were used for chemical treatment. β-Estradiol was also purchased from Wako (No. 056-144 

04044). 145 

 146 

Plant materials and growth conditions 147 

Cultured Lithospermum erythrorhizon cells of the strain T-TOM were maintained on Linsmaier and 148 

Skoog (LS) agar medium (Linsmaier and Skoog 1965) at pH 6.5 containing 3% (w/v) sucrose, 10−6 M 149 

indoleacetic acid, and 10−5 M kinetin at 25 °C in the dark, with subculturing at two-month intervals. 150 

Cells were also maintained in LS liquid medium containing the same supplements at the same 151 

concentration at 25 °C in the dark, where they were agitated at 80 rpm and cultured at two-week 152 

intervals. To induce shikonin production, cells were transferred into M9 liquid medium (Fujita et al. 153 

1981) containing the same concentrations of sucrose and phytohormones and cultured at 25 °C at 80 154 

rpm in the dark for 14 days. Cultured L. erythrorhizon cells (strain Mpr) were also used in this study 155 

for metabolite extraction (Kiyoto et al. 2022; Nakanishi et al. 2024; Yamamura et al. 2003). Cells were 156 

maintained in LS liquid medium at pH 5.7 containing 3% (w/v) sucrose, 10−6 M indoleacetic acid, and 157 

10−6 M kinetin at 23 °C with shaking at 100 rpm in the dark and subcultured at 20-day intervals. To 158 

induce shikonin production, Mpr cells were transferred to M9 liquid medium containing the same 159 

concentrations of sucrose and phytohormones, and cultured at 23 °C with shaking at 100 rpm in the 160 

dark for 20 days.  161 

Axenic cultures of L. erythrorhizon shoots were grown on 1/2 Murashige and Skoog (MS) agar 162 

containing 1% (w/v) sucrose at pH 5.7 under a 16 h light/8 h dark photoperiod. Subcultures were 163 

performed at three-month intervals. Hairy root tissues of L. erythrorhizon were maintained on 1/2 MS 164 

agar medium containing 1% (w/v) sucrose and 20 mg l−1 meropenem trihydrate and cultured at two-165 

month intervals before being transferred to a 1/2 MS liquid medium containing the same 166 

concentrations of sucrose and meropenem trihydrate. They were then cultured at 100 rpm at 23 °C in 167 

the dark for 45 days. To induce shikonin production, hairy roots were cultured in M9 liquid medium 168 

containing 3% (w/v) sucrose without meropenem trihydrate in the dark.  169 

Seeds of Arabidopsis thaliana (accession Columbia-0) were surface sterilized with 70% (v/v) ethanol 170 

and sown on MS medium (Wako) containing 1% (w/v) sucrose and 0.5% (w/v) gellan gum (Wako). 171 

The resulting Arabidopsis plants were grown on plates at 22 °C under continuous light for 172 

approximately one month. They were then transferred to peat moss (Jiffy-7, 32170142, Jiffy Products 173 

International AS, Stange, Norway) for further growth. 174 

 175 

Generation of L. erythrorhizon hairy roots 176 

Hairy roots of L. erythrorhizon were generated following the procedure described by Tatsumi and 177 

Ichino et al. (2020). Dedifferentiated leaves and stems excised from axenically cultured L. 178 

erythrorhizon shoots were then infected with Rhizobium radiobacter (Ri) strain A13 (MAFF 02-179 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



7 

 

10266) (Daimon et al. 1990; formerly referred to Agrobacterium rhizogenes) to induce hairy roots. 180 

The hairy roots generated by this procedure were grown and maintained on 1/2 MS agar medium (pH 181 

5.7) containing 1% (w/v) sucrose and 20 mg l−1 meropenem trihydrate.  182 

The inducible vector, pER8GW_LeABCG2-mGFP, was used to express LeABCG2-mGFP. It was 183 

introduced into R. radiobacter (strain A13) using the freeze-thaw transformation method. Transformed 184 

clones were obtained by selection with 100 mg l−1 spectinomycin dihydrochloride pentahydrate and 185 

50 mg l−1 hygromycin B. Non-transformed A13 wild type and transformed A13 clones harboring the 186 

pER8GW_LeABCG2-mGFP vector were infected to L. erythrorhizon to generate hairy roots. These 187 

were then subjected to RT-qPCR analysis to assess the gene expression levels of LeABCG1 and 188 

LeABCG2, and to perform membrane localization analysis for LeABCG2. Hairy roots infected with 189 

the A13 harboring vector pER8GW_LeABCG2-mGFP were selected on 1/2 MS agar medium 190 

containing 5 mg l−1 hygromycin B, 1% (w/v) sucrose, and 20 mg l−1 meropenem trihydrate to establish 191 

transformed lines to be used for further microscopic analysis. 192 

 193 

RNA extraction and cDNA synthesis 194 

For cDNA cloning, total RNA was extracted from L. erythrorhizon cells (strain T-TOM) cultured for 195 

14 days in M9 liquid medium, and from 15-day-old A. thaliana seedlings. RNA extraction was 196 

performed using RNeasy Plant Mini Kit (74904, QIAGEN, Hirden, Germany). Extracted RNA 197 

samples were then treated with DNase using a DNA-free DNA Removal Kit (Ambion, Carlsbad, CA, 198 

USA) and RNA samples were then reverse transcribed into cDNAs using SuperScript III Reverse 199 

Transcriptase (Invitrogen, Carlsbad, CA, USA). 200 

For RT-qPCR analysis, total RNA was extracted from L. erythrorhizon hairy roots grown in 1/2 MS 201 

and M9 liquid medium for 28 days in the dark using the RNeasy Plant Mini Kit. Total RNA samples 202 

from hairy roots treated with intracellular/extracellular metabolite extracts and standard samples were 203 

also prepared using the same method. RNA extracted from hairy roots, from cultured L. erythrorhizon 204 

cells, and from intact L. erythrorhizon tissue (Ueoka et al. 2020) was then treated to remove genomic 205 

DNA. Finally, cDNAs were prepared by reverse transcription using ReverTra Ace qPCR RT Master 206 

Mix with gDNA Remover (FSQ-301, Toyobo, Osaka, Japan). 207 

 208 

Genomic DNA extraction 209 

Genomic DNA was extracted from L. erythrorhizon cells (strain T-TOM) cultured on LS agar medium 210 

for 45 days as follows. First, cells were homogenized in a DNA extraction buffer (200 mM Tris-HCl 211 

[pH 8.0], 250 mM NaCl, 25 mM EDTA [pH 8.0], 0.5% [w/v] SDS) by grinding in a 1.5 mL tube 212 

(#96.07246.9.01, Treff Lab, Switzerland) using a micropestle (#96.07339.9.03, Treff Lab). After 213 

centrifugation of the homogenates at 20,400 g for 20 min, the supernatant was transferred to a new 214 

tube to which an equal volume of 2-propanol was added and mixed. The sample was centrifuged again 215 
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at 20,400 g for 10 min, and the pellet was washed with 70% (v/v) ethanol. The dried pellet was then 216 

redissolved in 1 × TE to obtain a genomic DNA solution.  217 

 218 

Determination of cDNA and genomic sequences 219 

To determine the full length of the cDNA sequence of LeABCG1, we first obtained the sequences 220 

upstream and downstream of comp46786_c2_seq1 for rapid amplification of both cDNA ends (i.e., 221 

5’RACE and 3’RACE) using the cDNA derived from cultured L. erythrorhizon cells as a template for 222 

the SMARTer RACE 5’/3’ Kit (634858, Clontech, Mountain View, CA, USA). All procedures were 223 

performed according to the manufacturer's protocol. The resulting sequences were then assembled 224 

with the contig sequence to predict the full-length cDNA sequence of LeABCG1. The full-length 225 

cDNA sequences of LeABCG2 and actin (LeACT) genes for L. erythrorhizon were also predicted from 226 

the contig sequences comp78121_c0_seq10 and comp90574_c1_seq1, respectively. 227 

The complete cDNA sequences of LeABCG1 and LeABCG2 containing in-frame stop codons before 228 

and after the ORF were amplified using KOD Plus Neo DNA Polymerase (KOD-401, Toyobo) using 229 

cDNA from cultured L. erythrorhizon cells as the template. The cDNA sequence of LeACT containing 230 

in-frame stop codons upstream to and downstream of the ORF was also amplified using PrimeSTAR 231 

Max DNA Polymerase (R045A, Takara, Kusatsu, Japan) from the cDNA of the cultured cells. The 232 

genomic sequences of these three genes, LeABCG1, LeABCG2, and LeACT, were then amplified using 233 

KOD Plus Neo and/or PrimeSTAR Max with genomic DNA from cultured L. erythrorhizon cells as 234 

the template. The fragments were amplified as above with adenine added to the 3’ ends using A-235 

attachment mix (TAK-301, Toyobo). These fragments were then subcloned into a pGEM-T Easy 236 

vector using T4 DNA ligase (A1360, Promega, Madison, WI, USA) to verify the insert sequences. All 237 

primers used for the amplification of cDNA and genomic fragments of LeABCG1, LeABCG2, and 238 

LeACT are listed in Table S1, and all constructed vectors are listed in Table S2.  239 

 240 

Phylogenetic analysis 241 

The amino acid sequences of LeABCG1 and LeABCG2 were deduced from the cDNA sequences 242 

determined as described above using the ExPASy Translate tool (https://web.expasy.org/translate/). 243 

The amino acid sequences of all ABCG proteins found in A. thaliana (i.e., from AtABCG1 to 244 

AtABCG43) and Solanum lycopersicum (i.e., from SlABCG1 to SlABCG70) were obtained from the 245 

latest versions of the public Arabidopsis and tomato databases, The Arabidopsis Information Resource 246 

(version TAIR10; https://www.arabidopsis.org/) and Sol Genomics Network (version SL4.00 and 247 

ITAG4.0; https://solgenomics.net/), respectively. All gene nomenclatures are based on previous 248 

studies (Garcia et al. 2004; Ofori et al. 2018; Verrier et al. 2008). The amino acid sequence of Petunia 249 

x hybrida PhABCG1 was obtained from UniProtKB (https://www.uniprot.org/help/uniprotkb).  250 

To obtain contigs encoding the half-size ABCG protein for L. erythrorhizon, we performed a homology 251 
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search using tBLASTn to query the half-size ABCG protein sequences from Arabidopsis (i.e., 252 

AtABCG1 to AtABCG28). For this search, we used L. erythrorhizon transcriptome data from a 253 

previous report (Takanashi et al. 2019) as a reference. We then selected 353 contigs without 254 

redundancy, with the cutoff set at e-20. The BLAST search was performed using BioEdit (version 255 

7.2.5) (Hall 1999). The polypeptide sequences of each contig were then deduced using the ExPASy 256 

Translate tool. 57 contigs encoding half-sized ABCG proteins (including 28 non-redundant genes) 257 

from L. erythrorhizon, excluding LeABCG1 and LeABCG2, were selected from the 353 contig 258 

sequences according to the following criteria. The selected candidates (1) must belong to the half-size 259 

ABCG clade in the ABCG phylogenetic tree, (2) must contain a portion of the NBD domain starting 260 

at Walker A and ending at Walker B, and (3) must represent the highest expression level for transcript 261 

variants derived from the same gene.  262 

Multiple sequence alignment was then performed by MUSCLE using the default settings for the NBD 263 

domain. Maximum likelihood trees were constructed using MEGA version 10.1.8 (Kumar et al. 2018; 264 

Stecher et al. 2020). The optimal phylogenetic model was selected using the model prediction tool 265 

implemented in MEGA and was used for all tree constructions. Initial trees for the heuristic search 266 

were automatically obtained by applying Neighbor-Joining and BioNJ algorithms to a matrix of 267 

pairwise distances estimated using the JTT model, and then selecting the topology with the superior 268 

log-likelihood value. A discrete gamma distribution was used to model evolutionary rate differences 269 

between sites (five categories, +G, parameter = 1.5837 for Fig. 1a and 1.7032 for Fig. S3). The tree 270 

was drawn to scale, with branch lengths measured by the number of substitutions per site. For all 271 

developed trees, classification as members of the ABCG subfamily and of class D was performed 272 

according to the methods of Zhang et al. (2021) and Panikashvili et al. (2011), respectively. All protein 273 

sequences used for phylogenetic analyses are listed in Table S3.  274 

 275 

Prediction of NBD motifs and transmembrane helices 276 

Characteristic motifs of the entire NBD domain were identified by multiple sequence alignment using 277 

BioEdit version 7.2.5 according to the protocols published by Linton (2007) and Cheepala et al. (2013). 278 

The number and position of transmembrane helices in the transmembrane domains (TMDs) of ABCG 279 

proteins were predicted using DeepTMHMM (https://dtu.biolib.com/DeepTMHMM) (Hallgren et al. 280 

2022). These predictions were then verified and visualized using TMHMM version 2.0 281 

(https://services.healthtech.dtu.dk/service.php?TMHMM-2.0) (Krogh et al. 2001; Sonnhammer et al. 282 

1998). The percentage of identity between polypeptide sequences was calculated using full-length 283 

sequences of ABCG proteins or full NBD domains between the Walker A and D-loop motifs. All 284 

calculations were performed with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).  285 

 286 

RT-qPCR 287 
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The qPCR primers amplifying the LeABCG1, LeABCG2, and LeACT transcripts were designed to 288 

anneal to the respective cDNA sequences. In addition, the amplified fragment of LeABCG2 contained 289 

the 8th intron in the genomic sequence. The relative abundance of the LeABCG1 and LeABCG2 290 

transcripts in the cDNA solution was then assessed by RT-qPCR, performed on a CFX96 Deep Well 291 

real-time system (Bio-Rad, Hercules, CA, USA) or LightCycler 96 (Roche, Basel, Switzerland) using 292 

Thunderbird SYBR qPCR Mix (QPS-201, Toyobo). The relative expression levels of LeABCG1 and 293 

LeABCG2 were calculated by the ΔΔCt method using the LeACT gene used as an internal standard. 294 

All primers used for qPCR are listed in Table S1.  295 

 296 

Metabolite extraction and treatment of hairy roots 297 

L. erythrorhizon cells (strain Mpr) cultured in M9 medium were harvested and cell and medium 298 

samples were separated by filtration with Miracloth (475855, Merck, Darmstadt, Germany). Cell 299 

samples dried at 65 °C for two nights were homogenized in chloroform:methanol solution (2:1) using 300 

a mortar and a pestle to extract the lipophilic metabolites accumulated in the cells as “intracellular 301 

fractions”. Medium samples (30 mL) were partitioned with 15 mL of chloroform:methanol solution 302 

(2:1) followed by vigorous shaking to obtain the lipophilic metabolites secreted by the cells 303 

(extracellular fraction) from the organic phase. The solvent was evaporated under nitrogen stream at 304 

60 °C to dry completely. The dried extracts were dissolved in dimethyl sulfoxide.  305 

Hairy roots were cultured in fresh 1/2 MS liquid medium for 21 days. The hairy roots (500 mg fresh 306 

weight on average) were inoculated into 3.5 mL of 1/2 MS liquid medium supplemented with 307 

intracellular or extracellular crude metabolites at 3 mg/mL or 0.3 mg/mL, respectively, corresponding 308 

to the intracellular and extracellular concentrations in vivo (Fig. S6c, d). 1.2% (v/v) dimethyl sulfoxide 309 

was used as a mock in this experiment. The hairy roots were cultured at 23 ℃ at 50 rpm for 0 - 72 310 

hours. For the treatment of standard samples, hairy roots (375 mg fresh weight on average) cultured 311 

in 1/2 MS liquid medium for 29 days were inoculated into 3.5 mL of 1/2 MS liquid medium 312 

supplemented with 1 mM acetylshikonin, 1 mM fatty alcohol (1-hexacosanol), 1 mM ω-hydroxy fatty 313 

acid (16-hydroxyhexadecanoic acid), 1 mM monoacylglycerol (2-monopalmitin), and 0.1 mM 314 

triacylglycerol (1,2-palmitin-3-palmitolein) at each final concentration. Each applied concentration 315 

corresponds to 0.2-fold (acetylshikonin), five-fold (1-hexacosanol), 0.1-fold (2-monopalmitin), and 316 

100-fold (1,2-palmitin-3-palmitolein) compared to that of shikonin derivatives secreted from Mpr cells 317 

(Nakanishi et al. 2024), that of fatty alcohols as suberin monomers reported in Arabidopsis 318 

(Shanmugarajah et al. 2019), that of monoacylglycerols as cutin precursors in tomato fruits (Elejalde-319 

Palmetto et al. 2021), and that of triacylglycerols reported to be secreted from T-TOM cells (Tatsumi 320 

et al. 2023). 2.0% (v/v) dimethyl sulfoxide was used as a control. The hairy roots were cultured for 72 321 

hours. Statistical analyses were performed using Tukey HSD test (α = 0.05) after one-way ANOVA 322 

analysis.  323 
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 324 

Vector construction 325 

Complete ORF sequences with and without a stop codon of LeABCG1 cDNA taken from the cDNA 326 

pool of cultured L. erythrorhizon cells were amplified using KOD Plus Neo. The amplified fragments 327 

were then individually inserted into pENTR/D-TOPO vectors by the TOPO reaction (K240020, 328 

Thermo Fisher Scientific, Waltham, MA, USA) to obtain entry clones. The ORF of the LeABCG2 gene 329 

with and without a stop codon in the T-TOM cDNA was also amplified using KOD Plus Neo and then 330 

cloned into a linearized pENTR/D-TOPO vector using the In-Fusion HD Cloning Kit (639648, 331 

Clontech). The LeABCG1 and LeABCG2 ORF fragments in the entry clones were then transferred into 332 

the destination vectors pGWB406m and pGWB405m (Nakagawa et al. 2007; Segami et al. 2014), 333 

using LR clonase II enzyme mix (11791100, Thermo Fisher Scientific). This resulted in the following 334 

plant expression vectors: pGWB406m_LeABCG1 (mGFP-LeABCG1), pGWB405m_LeABCG1 335 

(LeABCG1-mGFP), pGWB406m_LeABCG2 (mGFP-LeABCG2), and pGWB405m_LeABCG2 336 

(LeABCG2-mGFP). 337 

LeABCG2-mGFP in pGWB405m_LeABCG2 was amplified using KOD Plus Neo and cloned into a 338 

linearized pENTR/D-TOPO vector by the In-Fusion reaction. The Gateway cassette of pGWB502 339 

(Nakagawa et al. 2007) was also amplified using KOD Plus Neo before being inserted into a pER8 340 

vector (Zuo et al. 2000), digested with Xho I and Spe I, and then subjected to the In-Fusion reaction to 341 

construct a pER8GW vector. The LeABCG2-mGFP fragment was then inserted into the destination 342 

vector pER8GW by LR recombination, resulting in the plasmid pER8GW_LeABCG2-mGFP.  343 

The coding sequence, containing a stop codon, of the Arabidopsis AtPIP1;4 gene was amplified with 344 

KOD Plus Neo using a WAVE 138Y plasmid (Geldner et al. 2009) as a template. The resulting 345 

amplicon was then inserted into a linearized pENTR/D-TOPO via In-Fusion reaction. Next, the cDNA 346 

coding sequence, containing a stop codon, of the Arabidopsis VAM3 gene was amplified using 347 

PrimeSTAR Max and inserted into a pENTR/D-TOPO vector via TOPO cloning. The resulting 348 

insertions were then transferred into the destination vector pGWB555 (Nakagawa et al. 2007) by LR 349 

recombination to yield the expression vectors, pGWB555_AtPIP1;4 (mRFP-AtPIP1;4) and 350 

pGWB555_AtVAM3 (mRFP-AtVAM3). All primers used for vector construction and all constructed 351 

vectors are listed in Tables S1 and S2, respectively.  352 

 353 

Transient expression of foreign genes in Nicotiana benthamiana 354 

Vector constructs for plant gene expression, i.e., LeABCG1-mGFP, mGFP-LeABCG1, LeABCG2-355 

mGFP, mGFP-LeABCG2, mRFP-AtPIP1;4, and mRFP-AtVAM3, were then introduced into R. 356 

radiobacter (Ti) strain LBA4404 using the freeze-thaw method. After confirmation of the desired 357 

insertion into agrobacteria clones by PCR, the transformed clones were cultured in YEB liquid 358 

medium supplemented with 50 mg l−1 streptomycin sulfate and 100 mg l−1 spectinomycin 359 
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dihydrochloride pentahydrate. The overnight cultures were centrifuged at 20,400 g for one minute, 360 

and then the pellets were washed thrice and resuspended in distilled water. Infiltration solutions were 361 

prepared at OD600 = 0.2 for expression of the GFP-fused ABCG protein, or at OD600 = 0.1 for 362 

colocalization analysis. The agrobacteria solutions were infiltrated into the expanded leaves of five-363 

week-old N. benthamiana plants to express GFP fusion proteins. 364 

 365 

Confocal microscopic analysis 366 

The hairy roots harboring the LeABCG2-mGFP gene were treated with 20 µM β-estradiol or dimethyl 367 

sulfoxide (final concentration: 0.2% [v/v]) in 1/2 MS liquid medium for 20 hours to express the 368 

LeABCG2-mGFP fusion protein. N. benthamiana leaves at two days after infection and the L. 369 

erythrorhizon hairy roots were observed using a FV3000 confocal laser scanning microscope 370 

(Olympus, Tokyo, Japan) with a 60 × 0.75 numerical aperture water immersion objective (UPLSAPO 371 

60XW, Olympus). GFP fluorescence was monitored by excitation at 488 nm with a 20-mW diode laser 372 

and emission at 500–540 nm; RFP fluorescence was detected by excitation at 561 nm with a 20-mW 373 

diode laser and emission at 570–620 nm; plastid autofluorescence was detected by excitation at 640 374 

nm with a 40-mW diode laser and emission at 650–750 nm. Image acquisition and analysis were 375 

performed using FV31S-SW software (Olympus).  376 

 377 

Results 378 

Screening of membrane transporter genes in Lithospermum erythrorhizon 379 

To identify membrane transporters that preferentially export lipidic compounds in L. erythrorhizon, 380 

which produces divergent lipophilic metabolites such as shikonin derivatives, shikono/echinofurans, 381 

and triacylglycerol, we first screened RNA-seq data for L. erythrorhizon (Takanashi et al. 2019). This 382 

transcriptome data consisted of three types of paired plant samples; root tissues from intact L. 383 

erythrorhizon plants (i.e., shikonin-producing root bark and the peeled root that does not produce 384 

shikonin), hairy roots grown in M9 liquid medium either under illumination or in the dark, and cells 385 

cultured in M9 liquid medium also under light or in the dark. This is because light strongly suppresses 386 

shikonin production even in the shikonin production medium, M9. According to the gene expression 387 

levels calculated in fragments per kb per million mapped reads (FPKM), we identified 487 contigs 388 

that were at least 3-fold upregulated in all three pairs under shikonin-producing conditions. Of these, 389 

23 contigs, including 20 non-redundant genes, were annotated as membrane transporters. These 390 

included several transporter families (Table S4), out of which we focused on one contig 391 

comp46786_c2_seq1, which was predicted to code for a G subfamily of ABC transporters (ABCG), 392 

as members of this subfamily are often associated with the secretion of lipophilic metabolites in plants 393 

(Ichino and Yazaki 2022). This contig appeared to be expressed exclusively in shikonin-producing 394 

conditions based on comparisons of all three tissue pairs (Table S4). Because this comp46786_c2_seq1 395 
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had only a partial open reading frame (ORF) (Fig. S1), we performed rapid amplification of cDNA 396 

ends (5’RACE and 3’RACE), to obtain a cDNA sequence containing the complete ORF and an in-397 

frame stop codon at the 5’-untranslated region. We designated this gene as LeABCG1. 398 

We selected an additional ABCG protein, because the expression level of LeABCG1 was moderate and 399 

the highest FPKM value among the six samples was only about 10 in the root bark (Table S4). A 400 

tBLASTn search using the PhABCG1, which is a half-size ABCG transporter from Petunia x hybrida 401 

involved in the export of lipophilic methylbenzoate and benzyl alcohol (Adebesin et al. 2017), as a 402 

query highlighted six genes of L. erythrorhizon showing similarity to PhABCG1 (at a cutoff e-value 403 

of e-70; see Table S5). Among them, the one revealing the highest gene expression, 404 

comp78121_c0_seq10, was selected as the second candidate (Fig. S1; Table S6). After cloning of the 405 

cDNA sequence, it was designated as LeABCG2. 406 

 407 

LeABCG1 and LeABCG2 belong to Class A and D of half-size ABCG proteins, respectively 408 

The ORF sequences of the LeABCG1 and LeABCG2 genes were predicted to be 2,253 bp and 2,172 409 

bp, respectively, based on cDNA sequences. Their putative polypeptide sequences were 750 and 723 410 

amino acids, respectively, and both were predicted to be half-size ABCG proteins, previously termed 411 

the white-brown complex (Fig. S2). To gain insight into the phylogenetic position of the LeABCG1 412 

and LeABCG2 proteins within the plant ABCG subfamily, we then performed a phylogenetic analysis. 413 

First, we performed a homology search with tBLASTn using all 28 Arabidopsis half-size ABCG 414 

protein sequences as queries and found 30 genes encoding half-size ABCG proteins in the L. 415 

erythrorhizon transcriptome data, including LeABCG1 and LeABCG2 (Table S6). The resulting 416 

phylogenetic tree consisted of seven groups, all of which were monophyletic (Figs. 1a, S3), and 417 

classified from A to G according to Zhang et al. in Arabidopsis (Zhang et al. 2021). Half-size ABCG 418 

proteins are grouped in clades A to F, whereas all full-size ABCG proteins, also referred to as 419 

pleiotropic drug resistance (PDR) proteins, belong exclusively to class G (Figs. 1a, S3). In this 420 

phylogenetic tree, LeABCG1 belongs to class A, whereas LeABCG2 belongs to class D (Fig. 1a).  421 

The class A subfamily includes eight Arabidopsis ABCGs, six tomato ABCGs, and at least five L. 422 

erythrorhizon ABCGs (Fig. 1a). Two L. erythrorhizon genes, LeABCG1 and comp55537_c0, are 423 

orthologous to AtABCG2 and AtABCG20, which have been shown to function in suberin deposition 424 

and pollen exine formation (Fedi et al. 2017; Yadav et al. 2014). Our phylogenetic analysis suggests 425 

that LeABCG1 may recognize suberin monomers as substrates to export them to the extracellular 426 

space. In addition, some Arabidopsis members such as AtABCG6, AtABCG16, and AtABCG20) are 427 

involved in the translocation of jasmonic acid (Li et al. 2017; Li et al. 2020). Furthermore, the 428 

involvement of AtABCG1 and AtABCG16 in auxin signaling and of AtABCG17 and AtABCG18 in 429 

abscisic acid translocation have been reported (Liu et al. 2020; Zhang et al. 2021). The possible 430 

involvement of LeABCG1 in the export of suberin monomers and pollen wall components, as well as 431 
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in the transport of other metabolites (e.g., phytohormones) will be discussed later. 432 

The class D ABCG subfamily, to which LeABCG2 belongs, consists of five Arabidopsis ABCGs, nine 433 

tomato ABCGs, and at least four L. erythrorhizon ABCGs (Fig. 1a). Members of this subfamily are 434 

further divided into several subgroups, clades I-IV (Panikashvili et al. 2011), and some Arabidopsis 435 

members are involved in cuticle formation (Elejalde-Palmett et al. 2021; McFarlane et al. 2010; Pighin 436 

et al. 2004). LeABCG2 was grouped within clade I (Fig. 1a). Given the conservation of function of 437 

class D members in cuticle deposition, the possible involvement of LeABCG2 in the secretion of 438 

hydrophobic materials in L. erythrorhizon tissues will be discussed later.  439 

The sequence identities of the NBD region between LeABCG1 and its orthologs in Arabidopsis and 440 

tomato were both about 90%, whereas those of the entire LeABCG1 sequence to other orthologs were 441 

about 70% (Table S7a, b). The polypeptide sequence identities between LeABCG2 and other orthologs 442 

were also very high (Table S7c, d). The NBD region contains several conserved motifs, and LeABCG1 443 

possesses these conserved motifs, i.e., Walker A (GASGSGKST), Q-loop (MQD), ABC signature 444 

(VSGGE), Walker B (II/LLFLDE), and D-loop (LD) (Fig. 1b). In LeABCG2, Q-loop and H-loop 445 

adding to an aromatic motif (Y) were not detected, whereas other motifs, including the Walker A 446 

(GPAKSGKST), ABC signature (LS/RSGE), Walker B (HA/ILFIDE), and D-loop (LD), are conserved 447 

(Fig. 1c).  448 

 449 

LeABCG1 is an intron-less gene while LeABCG2 contains multiple introns 450 

To further analyze LeABCG1 and LeABCG2 in detail, we compared the genomic structures and 451 

positions of each motif of the NBD and transmembrane α-helices of LeABCG1 and LeABCG2 with 452 

those of their orthologs in other plant species. We first obtained genomic DNA for LeABCG1 and 453 

LeABCG2 from cultured L. erythrorhizon cells and determined their genomic structures. To our 454 

surprise, we found that LeABCG1 (2,364 bp in length) contained no intron in its ORF region (Fig. 2a), 455 

while the LeABCG2 gene (6,469 bp in length) was composed of 11 exons and 10 introns (Fig. 2b).  456 

Further analysis revealed that all LeABCG1 orthologs in other plants were intronless, except for 457 

SlABCG13, which contains a single intron located upstream of the ABC signature motif (Fig. 2a, c). 458 

In addition, these genes commonly contain six transmembrane α-helices with conserved genomic 459 

locations. The first five α-helices are organized in a compact bundle and the sixth helix, near the C-460 

terminus, is connected by a long loop (Figs. 2a, S2). The structure L. erythrorhizon LeABCG1 is highly 461 

conserved with its Arabidopsis and tomato orthologs. Furthermore, all other LeABCG1 orthologs of 462 

the class A ABCGs in the Arabidopsis genome possess intronless ORFs (Fig. S4). In tomato, SlABCG8, 463 

SlABCG9, and SlABCG23 were also intronless. Consistently, we found that most class A ABCG 464 

members in Brassica rapa, pineapple (Ananas comosus), grapevine (Vitis vinifera), and white lupin 465 

(Lupinus albus), were either intronless or possessed only a single intron (Aslam et al. 2021; Chen et 466 

al. 2017; Tang et al. 2018; Yan et al. 2017). These results suggest that the common ancestor of these 467 
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class A ABCG proteins had no introns, and that this feature was conserved during plant evolution. 468 

Regarding the LeABCG2 orthologs, the ORF regions of AtABCG3 and SlABCG28 also contained 11 469 

exons and 10 introns (Fig. 2b). In these genes, the exon lengths of the 2nd to 10th exons were identical 470 

to those found in LeABCG2, while the intron lengths were comparatively variable (Fig. 2b). The exon 471 

positions of each motif in the NBD domain and of the six transmembrane α-helices were identical 472 

among all LeABCG2 orthologs (Fig. 2b, d). Specific positions of exon-intron junctions were also 473 

conserved: for example, the 1st intron of the ORF region was inserted 19 bp downstream of the Walker 474 

A motif (Fig. S5a), the 3rd intron of the ORF region was inserted 2 bp after the D-loop motif (Fig. S5b), 475 

and the 9th intron of the ORF region interrupted the coding sequence of the fifth transmembrane helix 476 

(Fig. S5c). Taken together, we conclude that the genomic structures of ABCG proteins are highly 477 

conserved among orthologous genes in dicotyledonous plants.  478 

 479 

Tissue- and cell-specific expression of LeABCG1 and LeABCG2  480 

As described above, we suggested that LeABCG1 expression was inducible under shikonin-producing 481 

conditions based on the FPKM values of the transcriptome analysis (Fig. 3a). In contrast, LeABCG2 482 

appeared to be constitutively and highly expressed in all six tissue samples (Fig. 3b). To investigate 483 

the actual expression patterns of LeABCG genes in L. erythrorhizon samples, we performed reverse 484 

transcription quantitative PCR (RT-qPCR) using gene-specific primers. In both cultured cells and hairy 485 

root cultures, LeABCG1 expression was not induced under shikonin-producing conditions, i.e., in M9 486 

medium in the dark (Fig. 3c, d); this was inconsistent with transcriptome data (Fig. 3a). In all L. 487 

erythrorhizon plants, we observed high levels of LeABCG1 expression in above-ground tissues, 488 

including flowers, leaves, and stems, i.e., where shikonin biosynthesis does not occur under normal 489 

growth conditions under illumination (Fig. 3e). However, in root tissues, we observed a 13-fold higher 490 

expression of LeABCG1 in shikonin-producing root bark than in peeled non-shikonin-producing roots. 491 

Even so, the level of LeABCG1 expression in root bark was 30-fold lower than in flowers and leaves 492 

(Fig. 3e). Regarding the potential roles of LeABCG1 as a class A member (Fig. 1a), LeABCG1 may 493 

play a role in the export of suberin monomers and pollen wall components, and may also play a role 494 

in the transport of other metabolites (e.g., phytohormones) from epidermal cells to tissue surfaces in 495 

both roots and aerial parts of the plant.  496 

LeABCG2 was found to be slightly upregulated in both cultured cells and hairy roots grown in M9 497 

medium (Fig. 3f, g). Furthermore, while previous studies have shown that light exposure shuts down 498 

shikonin production (Yazaki 2017), we found little light effect on LeABCG2 expression in cultured 499 

cells (Fig. 3f). In intact plants, LeABCG2 was constitutively expressed in all tissues examined in this 500 

study, with slightly higher expression levels in stems and in roots compared to other tissues (Fig. 3h). 501 

These data suggest that LeABCG2 plays a common role independent of differences associated with 502 

culture conditions or plant tissues. Considering the conservation of function of class D members in 503 
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cuticle deposition as mentioned above (Fig. 1a), LeABCG2 may also be involved in the secretion of 504 

hydrophobic materials from plant cells.   505 

 506 

Response of LeABCG1 and LeABCG2 expression to the endogenous L. erythrorhizon metabolites  507 

The expression of some ABCG transporter genes is often regulated by the presence of transport 508 

substrates. For example, ABCG20 in V. vinifera is up-regulated in the response to suberin monomers 509 

(Wang et al. 2023). To gain insight into the potential transport substrates of two LeABCG transporters, 510 

hairy roots were treated with the endogenous metabolites of L. erythrorhizon. The influence on the 511 

gene expression of LeABCG1 and LeABCG2 was evaluated by RT-qPCR. The endogenous metabolites 512 

were separated into two samples, i.e., the extract prepared from cultured L. erythrorhizon cells and the 513 

extracellular metabolites recovered from the culture medium, which were then added to the hairy root 514 

cultures (Fig. S6a-d). In the mock control, LeABCG1 expression was gradually decreased (Fig. 4a) to 515 

a low expression level of LeABCG1 at steady state as shown in Fig. 3a. This profile suggests that the 516 

LeABCG1 expression is sensitive to environmental stress such as passaging culture shock from old to 517 

fresh culture media. When treated with either intracellular or extracellular extract, LeABCG1 518 

expression was also decreased over the culture period, with a tendency to decrease LeABCG1 519 

expression compared to the control. Specifically, a slight reduction was observed in the intracellular 520 

extract at four to ten hours after treatment, while a slightly greater reduction was observed in the 521 

extracellular extract at 24 hours and 72 hours than in the intracellular extract (Fig. 4a). In contrast, 522 

LeABCG2 expression in the hairy roots was gradually increased during 72-hours of culture in both 523 

sham and extract treatment groups (Fig. 4b). Significantly increased expression of LeABCG2 was 524 

found by extracellular extract treatment at 24 and 72 hours (Fig. 4b). In addition, intracellular extract 525 

treatment also slightly increased LeABCG2 expression at the same time points (Fig. 4b).  526 

To investigate which type of metabolites affect the gene expression of LeABCGs as putative transport 527 

substrates, candidate compounds were tested individually. We selected five compounds from shikonin 528 

derivatives and lipophilic metabolites that accumulate in the apoplast, namely, acetylshikonin 529 

(representative shikonin derivative), a fatty alcohol (suberin monomer), ω-hydroxy fatty acid and 530 

monoacylglycerol (cutin monomers), and triacylglycerol (Fig. S6e). However, these five apoplastic 531 

metabolites and monomers had little effect on the expression of LeABCG1 or LeABCG2 (Fig. 4c, d), 532 

whereas treatment with acetylshikonin and ω-hydroxy fatty acid showed a tendency to increase 533 

LeABCG1 expression without reaching statistical significance (Fig. 4c). In addition, LeABCG2 534 

expression was slightly increased by acetylshikonin and slightly decreased by ω-hydroxy fatty acid 535 

(Fig. 4d). Contrary to the reports showing a positive correlation between gene expression and the 536 

addition of its transport substrate, there are ABC transporter genes that are repressed when excess 537 

amounts of transport substrates are present. LeABCG2 belongs to the former group and LeABCG1 538 

might be a member of the latter. Unfortunately, the transport substrates of these LeABCGs could not 539 
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be identified in this study, although we found that the presence of endogenous metabolites of L. 540 

erythrorhizon may regulate the transport function of LeABCG1 and LeABCG2.  541 

 542 

Membrane localization of LeABCG1 and LeABCG2  543 

To study the subcellular localization of LeABCG1 and LeABCG2 proteins, we expressed monomeric 544 

GFP-fused LeABCG proteins. We developed fusion proteins tagged with GFP at both the C-terminal 545 

and N-terminal ends, i.e., both LeABCG-mGFP and mGFP-LeABCG. Transient expression of these 546 

GFP fusion proteins in N. benthamiana leaves showed that both LeABCG1-mGFP and mGFP-547 

LeABCG1 were distributed along the outlines of leaf epidermal cells (Figs. 5a, S7a, b). This indicated 548 

that LeABCG1 was localized to the PM. GFP fluorescence signals for LeABCG2-mGFP and mGFP-549 

LeABCG2 were also detected along the outlines of leaf epidermal cells (Figs. 5a, S7a, b). The 550 

distribution of the LeABCG2 protein on the cell membrane was also confirmed by examination of L. 551 

erythrorhizon hairy roots expressing LeABCG2-mGFP (Fig. S8).  552 

To determine the identity of the membrane on which these two LeABCG proteins are localized, we 553 

co-expressed LeABCG-mGFP with mRFP-fused Arabidopsis plasma membrane intrinsic protein 1;4 554 

(mRFP-AtPIP1;4) or mRFP-fused Arabidopsis VACUOLAR MORPHOLOGY 3 (mRFP-AtVAM3), 555 

which are markers of the PM and vacuolar membrane, respectively (Geldner et al. 2009; Uemura et 556 

al. 2002). LeABCG1-mGFP colocalized completely with mRFP-AtPIP1;4 but not with mRFP-557 

AtVAM3 (Figs. 5b, S7c). The GFP signal was visible between two vacuolar membranes labeled with 558 

mRFP-AtVAM3 in two adjacent cells (Fig. 5b). A similar pattern was observed in LeABCG2-mGFP-559 

expressing cells (Figs. 5c, S7d). Based on these findings, we concluded that both LeABCG1 and 560 

LeABCG2 proteins localize to the PM.  561 

Interestingly, the GFP signals of LeABCG2-mGFP and mGFP-LeABCG2 were observed as punctate 562 

structures as well as linear patterns along the PM, whereas LeABCG1 was uniformly distributed along 563 

the PM (Fig. 5a, bottom panels). Further examination revealed that the punctate structures associated 564 

with LeABCG2 were located on the PM (Fig. 5c). There are several possible explanations for the 565 

formation of punctate structures associated with LeABCG2. One is that the LeABCG2 protein may 566 

form supramolecular complexes as well as dimers, thereby resulting in LeABCG2 clusters on the PM. 567 

In addition, the micro-distribution of LeABCG2 on the PM may be susceptible to membrane 568 

microdomains, such as lipid rafts, that concentrate specific membrane proteins and membrane lipids 569 

to form unique and heterogenous lipid compositions that contribute to the functional 570 

compartmentalization of the membrane. For example, several reports have shown that the localization 571 

and function of human ABC transporters are dependent on lipid composition and membrane rafts 572 

(Bacso et al. 2004; Kok et al. 2014). Therefore, LeABCG2 may be distributed in specific 573 

microdomains on the PM, or LeABCG2 itself may induce the formation of LeABCG2-specific 574 

microdomains.  575 
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 576 

Discussion 577 

To our knowledge, LeABCG1, and LeABCG2 are the first two ABCG transporters isolated from 578 

shikonin-producing boraginaceous plants. Although the gene expression of LeABCG1 and LeABCG2 579 

varies with tissue and culture conditions, L. erythrorhizon plants and cells always secrete lipophilic 580 

metabolites, including wax, cutin, suberin and triacylglycerol, as well as shikonin derivatives. In L. 581 

erythrorhizon, in addition to the ABCG transporters, two membrane transporter genes have been 582 

previously isolated: LeMDR and LeMRP (Zhu et al. 2017, 2018). The former is classified as a B-type 583 

ABC transporter (ABCB), while the latter is classified as a C-type ABC transporter (ABCC). Both 584 

ABC transporter genes are reported to be expressed in shikonin-producing samples (i.e., root tissues 585 

and in M9 cultured cells of L. erythrorhizon). Furthermore, the downregulation of either gene by RNAi 586 

resulted in reduced shikonin production in hairy roots of L. erythrorhizon (Zhu et al. 2017, 2018). 587 

Plant ABCC transporters localize either along the PM or in tonoplasts, and mediate the translocation 588 

of transport substrates across membranes, showing a preference for hydrophilic substances such as 589 

anthocyanins and crocins (Demurtas et al. 2019; Francisco et al. 2013). The LeMRP protein may be 590 

involved in the transport of unidentified hydrophilic metabolites into vacuoles, and its relationship to 591 

shikonin, which is secreted across the PM, is unknown (Zhu et al. 2018). 592 

The L. erythrorhizon genome has recently been sequenced and analyzed using several different plant 593 

strains (Auber et al. 2020; Tang et al. 2021). In silico analysis using artificially combined genomes 594 

derived from two different strains of L. erythrorhizon, i.e., in which seeds originate from German 595 

institutions and Chinese companies, respectively (Auber et al. 2020; Tang et al. 2021), predicted that 596 

the L. erythrorhizon genome contains 118 ABC protein genes and 31 half-size ABCG members (Li et 597 

al. 2022). These data are largely consistent with our results, which revealed at least 30 half-size ABCG 598 

genes in a Japanese strain (Fig. 1a; Table S6). In addition, we found three additional half-size class A 599 

ABCG genes, including LeABCG1 and its ortholog comp55537_c0, both of which are expressed in 600 

the Japanese strain but were not identified in the most recent version of the genome (Li et al. 2022).  601 

Recent transcriptome analyses of boraginaceous plants producing shikonin, and alkannin derivatives, 602 

have listed candidate enzymes that may be related to shikonin biosynthesis (Ahmad et al. 2022; Rai et 603 

al. 2018; Suttiyut et al. 2022; Takanashi et al. 2019; Tang et al. 2020; Wu et al. 2017). Recently, 604 

intensive biochemical research on enzymes related to the shikonin biosynthetic pathway has identified 605 

several enzymes in L. erythrorhizon, including cytosolic GPP synthase (GPPS), cytochrome P450 606 

monooxygenases, CYP76B100, CYP76B101, and CYP82AR2, and the acetyltransferase LeSAT1 607 

(Oshikiri et al. 2020, 2024; Song et al. 2020, 2021; Ueoka et al. 2020) as well as CYP76B74 in Arnebia 608 

euchroma (Wang et al. 2019). Downregulation of these candidate genes in hairy roots also helped to 609 

identify the genes causally involved in shikonin biosynthesis in planta, including LeGPPS, the 610 

membrane-bound prenyltransferase LePGT1, AeCYP76B74 and its ortholog in Echium plantagineum, 611 
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and LeSAT1 (Auber et al. 2020; Fu et al. 2020; Suttiyut et al. 2022; Wang et al. 2019; Wang et al. 612 

2022).  613 

Understanding of the transport machinery responsible for the secretion of lipophilic metabolites into 614 

the extracellular space is another important research goal, especially since the secretion machinery 615 

remains less understood than the biosynthetic enzymes. This is partly due to technical difficulties 616 

associated with the biochemical characterization of G-type ABC transporters (Gräfe and Schmitt 2021). 617 

Nevertheless, with recent improvements in the methods used for heterologous expression of plant 618 

ABCG transporters (Gräfe et al. 2019), several studies have succeeded in demonstrating the transport 619 

activity of lipophilic metabolites (Adebesin et al. 2017; Elejalde-Palmett et al. 2021). Therefore, these 620 

transport assays may help us to determine the physiological transport substrates of LeABCG1 and 621 

LeABCG2 in future studies. In addition, loss-of-function technologies, such as gene silencing by 622 

hairpin RNA expression, virus-induced gene silencing, or genome editing of shikonin-producing 623 

plants, are also currently under development (Auber et al. 2020; Izuishi et al. 2020; Nakanishi et al. 624 

2024; Wang et al. 2022; Zhu et al. 2017). Such technologies would allow us to understand when and 625 

in which tissues or cell types LeABCG1 and LeABCG2 function and can help characterize the 626 

physiological roles that both LeABCG proteins play in L. erythrorhizon. Therefore, technological 627 

advances will provide insight into the transport machinery responsible for the secretion of lipophilic 628 

metabolites from plant cells in the near future. 629 
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 989 

Figure legends 990 

Fig. 1 Phylogenetic analysis of LeABCG1 and LeABCG2 (a) Phylogenetic tree of half- and full-991 

size ABCG transporter proteins from L. erythrorhizon, Arabidopsis, tomato, and PhABCG1. The 992 

polypeptide sequences of the conserved NBD domains (i.e., the region between the Walker A and 993 

Walker B positions) of ABCG proteins were used for the alignment. The maximum likelihood method 994 

(i.e., the JTT model) was used to construct the tree. Bootstrapping was performed with 1,000 replicates 995 

and the percentage of trees in which the associated taxa clustered together is shown next to the 996 

branches. Classes (A-G) and clades (I-III) as defined by Zhang et al. (2021) and Panikashvili et al. 997 

(2011) were used for classification. (b, c) Sequence alignment of the NBD domain. The NBD domains 998 

of LeABCG1 (b) and LeABCG2 (c) were compared with their corresponding orthologs. Conserved 999 

motifs in the NBD domain are indicated. All amino acids except for alanine and glycine are colored 1000 

according to the Jmol color code (http://jmol.sourceforge.net/jscolors/).  1001 

 1002 

Fig. 2 Genomic structures and motif locations of LeABCG1 and LeABCG2 (a) Genomic structures 1003 

of LeABCG1 and its Arabidopsis orthologs, AtABCG2 and AtABCG20, and its tomato orthologs, 1004 

SlABCG8, SlABCG9, and SlABCG13. (b) Genomic structures of LeABCG2 and its Arabidopsis 1005 

ortholog AtABCG3 and its tomato orthologs, SlABCG17 and SlABCG28. (c, d) The motif positions of 1006 

the NBD domain in a and b are enlarged in c and d, respectively. Also shown are the genomic 1007 
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fragments between 300 nt and 1,100 nt distant from the start codon of the LeABCG1 orthologs (c) and 1008 

the third exon of the ORF region of the LeABCG2 orthologs (d). Open boxes, closed boxes, and lines 1009 

represent untranslated regions (UTRs), exons, and introns, respectively. In the translated polypeptide 1010 

sequences, the following motifs are shown in colored boxes representing specific exons: Walker A 1011 

(blue), Q-loop (orange), ABC signature (green), Walker B (purple), D-loop (red), potential H-loop 1012 

(white), and transmembrane helix (TM; yellow).  1013 

 1014 

Fig. 3 Gene expression of LeABCG1 and LeABCG2 in L. erythrorhizon (a, b) FPKM values of 1015 

comp46786_c2_seq1 (a) and comp78121_c0_seq10 (b) from transcriptome data reported by 1016 

Takanashi et al. (2019). Root bark, hairy roots cultured in the dark, and cells cultured in the dark 1017 

produce shikonin (red bars). Contigs comp46786_c2_seq1 and comp78121_c0_seq10 correspond to 1018 

LeABCG1 and LeABCG2, respectively. (c-h) Gene expression of LeABCG1 (c-e) and LeABCG2 (f-h) 1019 

analyzed by RT-qPCR. In the cultured cells (c, f) and the hairy roots (d, g), the presence (+) or absence 1020 

(-) of secretion of shikonin derivatives and triacylglycerol (TAG) are shown at the bottom (n.d., not 1021 

determined). L. erythrorhizon plants produce shikonin derivatives specifically in the root bark (e, h). 1022 

Red bars represent shikonin-producing conditions. Each bar represents the mean with standard error 1023 

of three independent cultures of the cells (c, f), three genetically independent lines of the hairy roots 1024 

(d, g), and three plant individuals (e, h). LeABCG expression is normalized to LeACT gene expression. 1025 

We set the expressions of LS dark in c and f, 1/2 MS medium in d and g, and peeled roots in e and h 1026 

to 1.0 using the ΔΔCT method. The right panel in e is magnified from a part of the left panel. 1027 

Statistically significant differences are not detected by Tukey HSD multiple comparison after one-way 1028 

ANOVA (c, e, f, h) and Student’s t-test (d, g). 1029 

 1030 

Fig. 4 Gene expression of LeABCG1 and LeABCG2 in metabolite-treated L. erythrorhizon (a, b) 1031 

Gene expression of LeABCG1 (a) and LeABCG2 (b) in the hairy roots treated with intracellular (red) 1032 

or extracellular metabolite mixture (blue) prepared from L. erythrorhizon cells at a concentration of 3 1033 

mg/mL or 0.3 mg/mL, respectively. Samples were collected at 0, 4, 10, 24, and 72 hours. The bottom 1034 

panel in (a) is an enlargement of the top panel. (c, d) Gene expression of LeABCG1 (c) and LeABCG2 1035 

(d) in the hairy roots treated for 72 hours with individual metabolites, which are secreted by L. 1036 

erythrorhizon cells and monomers of plant apoplastic biopolymers. As a representative shikonin 1037 

derivative 1 mM acetylshikonin, as a suberin monomer 1 mM 1-hexacosanol (C26:0 fatty alcohol), as 1038 

cutin precursors 1 mM 16-hydroxyhexadecanoic acid (C16:0 ω-hydroxy fatty acid [ω-OH FA]) and 1 1039 

mM 2-monopalmitin (monoacylglycerol [MAG]), and 0.1 mM 1,2-palmitin-3-palmitolein 1040 

(triacylglycerol [TAG]) were used for the treatment. Each bar graph represents the mean with standard 1041 

error of four or five independent treatments (a, b) and seven independent treatments (c, d). LeABCG 1042 

expression is normalized to LeACT gene expression. We set the expressions of the sham treatment 1043 
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(dimethyl sulfoxide) to 1.0 using the ΔΔCT method. Statistically significant differences at the same 1044 

time point (b) and between different treatments (d) are indicated by different letters using Tukey HSD 1045 

multiple comparison (p < 0.05) after one-way ANOVA; insignificant differences at the same time point 1046 

(a, b) and between different treatments (c) are shown without any letters.   1047 

 1048 

Fig. 5 Subcellular localization of LeABCG1 and LeABCG2 (a) GFP fluorescence of LeABCG1-1049 

mGFP, mGFP-LeABCG1, LeABCG2-mGFP, and mGFP-LeABCG2 in transiently expressed N. 1050 

benthamiana leaves after agroinfiltration. Green, GFP fluorescence; magenta, autofluorescence of 1051 

chlorophyll in plastids. Similar signal patterns were observed in at least 60 epidermal cells 1052 

(representing at least two independent experiments and a total of four N. benthamiana leaves in total) 1053 

for each construct. Bars indicate 50 μm in the upper panels and 10 μm in the lower panels. (b, c) Co-1054 

expression of LeABCG1-mGFP (b) or LeABCG2-mGFP (c) with mRFP-AtPIP1;4 (top panels) or 1055 

mRFP-AtVAM3 (bottom panels) in transiently expressed N. benthamiana leaves after agroinfiltration. 1056 

AtPIP1;4 and AtVAM3 are membrane markers for PM-resident membrane protein and tonoplast-1057 

resident membrane protein, respectively. Both are derived from Arabidopsis thaliana. Green, GFP 1058 

fluorescence; Magenta, RFP fluorescence. Similar signal patterns were observed in at least 30 1059 

epidermal cells (representing three independent experiments and a total of six N. benthamiana leaves 1060 

in total) for each combination. Bars indicate 20 μm in the left panels and 10 μm in the three right 1061 

panels. 1062 
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Fig. S1 The contig sequences of comp46786_c2_seq1 and comp78121_c0_seq10

Shown are the original contig sequences of comp46786_c2_seq1 and comp78121_c0_seq10

derived from transcriptome data. Deduced amino acid sequences were predicted using the

ExPASy Translate tool (https://web.expasy.org/translate/). Reading frame 2 was used to predict

the amino acid sequence of comp46786_c2_seq1. Red characters in the comp78121_c0_seq10

sequence represent the start codon “ATG” and the in-frame stop codons “TAG” and “TGA”;

these are present prior to and following the ORF, respectively. The asterisk represents stop

codon in the amino acid sequence.

>comp46786_c2_seq1
TGTAATGCAAGATGATCTTCTTTATCCAATGTTGACAGTTGAGGAGACTCTCATGTTCTCTGCTGAGTTCCGTCTCCCCCCCTCGCTATCGAAATCGAAGAAGAAATCAAGAGTTGAGGC
TTTGATCGACCAGTTAGGCCTCCGGAACGCTGCGAAAACTATTATTGGAGATGAAGGACACCGTGGAGTCTCGGGAGGCGAACGTCGTCGGGTTTCGATTGGTATCGATATTATTCATGA
CCCGATTTTGTTGTTTCTTGATGAGCCTACTTCCGGAC

>comp46786_c2_seq1 deduced polypeptide
VMQDDLLYPMLTVEETLMFSAEFRLPPSLSKSKKKSRVEALIDQLGLRNAAKTIIGDEGHRGVSGGERRRVSIGIDIIHDPILLFLDEPTSG

>comp78121_c0_seq10
CCTTGATACTCACACTTGCCCTCATATTTACTTGCTTTTGTTGCTCTTTATTCTTTGCTTTATTACATGTTCTTGGATCCAACTAACCAACTTTGTTTTCTGTTATTTTTATTTTATTTA
TTTTTGGGTCTTTATTGTGTTGTACTTACTTTTTTTTAGTTTCTTGCAATTTTATTTATTTATTTATAGTTTCTTGCAACTTTGTTAACTTGTATATGAAGTGTTTATTTTTATAGTTAA
AATTACAATAACTCCCGGCCCCGTCCCTTATAATGAGGTTCGAAGCATTGAGCTCAAGATCAAGGGTATATGAAGTGTTATAAAGTCTGAAACATGGTACTTTTTCTAGGGGGTTAGGTT
TATTAGATAAACTGTGTTGCCATTCATTTAATTTTGTTTTTATTTTAATTTCTTGCAGCTTTGTTGTGTATGACATGCTACAAAGTTTGAAACTTGAACTTTTGTTAATTAGATAAATTG
TTCTGACTTTTTTTACTAGTACTCATATGGGTTTATGTTAGTTTATTGACTTTATTGGGTAGCTGTTTGTGTAGGGTTTTGGTAAACTGGGGTTTTTATTTTGAAAGATTTACTGGGGTT
GTTAAAGATTTGAGCTTTAGGTGCACATTGTAATATTTTATGATGTTTTAGCTATTCTAGATAGTAAAGACTCAAACTTTTGTACCTGAAATACTGATAAATCAGACCCCATTTGTTTTT
GGTTATGTTTTGCAAAGTTTATTGGTATTTGTTTTGTGATTATATTTCTTTAAGTTCAAAGTTATAGTCATTTGTTTATGCATCTCATTGCAGAATTGTTTTTGGATTTTACTTTTAAGG
AGTGGAGGAAGTTTGAGTAGTTGAATTGATTATTGGACTTCGAGGGAATTAGAGGACAAGTTTCGGCTTTGTGGAATGCATTGTTTAGGCTAGATTGTTAAAGATCATATAGTCAGAACG
ATGGAAGAGATACAATCACATTCTGATCATTATAGGTCTTCTTCATCTTCAGCCAGTAGTCCTGCAAGTCGTTTACCCTCTAGTAATTTCTTCTACTTGAGGAAACCAGGAACGTTTAGG
AAACCCATTTCTTATGAAGATTCACCGGATTGGGAGGACAATGATGTTGAGGTTAGGATGGAAGAAGGAGGTGATTCCATCCATGTGGCACCAACCACGGATTCTCCATCACTTTCGAAG
ATTACTAGTGCGTCACTGCCATCTCCTCCCTTGCCAACTGGTGCAGTTGTTGCCAGAAAGATTGCCGGGGCTTCAGTTGTTTGGAAGGATTTAACAGTCACTATAAAGGGGAAGAGGAAG
TATTCTGACAAGGTTATCAAGAGTTCAAATGGTTACGCATTGCCTGGAACAATGACGGTAATAATGGGCCCAGCCAAGTCAGGGAAATCAACTCTGTTGAGAGCTCTTTCAGGAAAACTT
CCTGATTCTGCAAGAATGTATGGAGAGGTGTTTATAAATGGATCGAGATCACACTTGCCTTATGGATCTTATGGATATGTTGAGAGGGAGACTACACTTATTGGTTCCTTGACAGTGCGT
GAATTCCTTTACTACTCAGCACTGCTTCAGTTGCCTGGATTCTTTTTTCAGAAGAAGAGTGTTGTAGAGGATGCTATCCTTGCTATGTCCTTGGGGGATTATGCTAACAAACTCATAGGT
GGCCACTGCTACATGAAGGGTCTTTCAAGTGGTGAAAGACGGCGTGTTAGCATTGCTAGAGAGTTAGTGATGAGACCTCATGCCTTATTTATAGACGAGCCTCTGTATCATCTTGACAGT
GTCGCTGCACTTCTAATGATGGTGACGTTGAAGAAGCTTGCAAGCACAGGTTGCACACTCATATTTACCATATACCAGAGCAGCACGGAGGTTTTTGGCCTTTTTGACCGTATCTGCCTT
CTTTCAAATGGAAACACATTGTTCTTTGGAGAAACATTGGCTTGTTTGCAGCACTTCTCAAATGCAGGATTTCCTTGTCCGATAATGCAAAGTCCATCAGATCACTTCCTTCGAGCGATA
AATACAGATTTCGATCGGATCATTGCTATGTGTAAAAATTGGCAGGATGACCATGCAGATTTATCATCAGTGAATATGGACACTGCAGTTGCAATACGCACACTTGAAACAACTTACAAA
TCGTCAGCAGATGCTGCTGCTGTTGAAACCATGATAGTGAAGCTTGCAGAAAAGGAGGGTCCAACAATTAAGAGCAGGGGAAAGGCTAGTAATGCAACACGAATTGCTGTATTGACTTGG
AGATCACTATTAATCATGTCAAGAGAGTGGAAGTATTACTGGCTCCGGCTAGTTCTATATATGCTTCTTTCAGTCTGTATTGGTTCAGCATTTTCCGGATTGGGGCATTCCTTGTCATCC
GTGGTGACCAGAGTTGCAGCAGTCTTCGTTTTCATTTCATTTTCAGCTCTTTTGAGTATAGCCGCTGTACCTGCTCAGCTGAAGGAAATCAAGATATTTGCCTGTGAAGAATCAAATCAT
CATTCTGGGACATTGGTTTTCTTACTTGGACAACTTTTGTCCAGTATCCCATTCTTATTCCTCATTTCCATCTCATCAAGTCTTGTTTTCTATTTTCTTGTTGGTCTGCGAGATGAGTTC
AGCTTGTTGATGTACTTTGTTCTGAATTTCTTCACATGCCTTCTCCTAAATGAAGTGATAGTCCTGATAGTCACTTGCATTGGTCAAAACATTTTCTGGAGCATCCTGACCCTAATATGC
ATACACGTTACGTTGATGCTTTCTGCTGGTTATTTTAGAATCAGAAGTGCTTTGCCTGATCCTGGATGGAAGTATCCCATATCTTACATAGCTTTCCATACATACTCGATCCAGGGCCTT
CTGGAGAATGAGTATGTGGGGACTTCTTTTGCAGTTGGACAGGTGAGGACTATATCTGGTTACGATGCTCTTCGGAATGTATACGAAGTATCTCCAGACATCAACTCCAAGTGGAAAAAT
GTGCTAGTATTGTTCCTCATGGCTGTTGGCTTGCGCATCTTTGTTTACATATTGCTGCAGTTTCGTGTAGCCAAGAACTCGTCGATCCGCAAACTGTTCCGGTGCAATCAAAGCACAAAC
AATTCAAGATGAATGATATACTCATGAAACTTTTTAGCTTTTGTAACTTTAAGCTTCCAACCTCACTTGAATGGATGATATGTATTTTATTGTAATGATTCAACACTAGTTATTGCATTT
TTATTTCTTGGGATACATGGATGGCTATGTTTGGCTACAGTAATATAGGAAAGCTGCTTCTTAGCTATGGCCAATTTGGTTGGTATCGATCCGGTTTTTTCGGGTAGGATACAGAGTAGT
TTGAGGTACCTCTTCCTGTTTATGGTACAGAGTGGTTTGAGGTACCTCTTACTGTATTTATGTGATACTCTATATTATACTAATAAAAATTAAATTTATATATGTAAGAAAAAAAAAAAA
AAAAAAAAAAA

>comp78121_c0_seq10 deduced polypeptide
MEEIQSHSDHYRSSSSSASSPASRLPSSNFFYLRKPGTFRKPISYEDSPDWEDNDVEVRMEEGGDSIHVAPTTDSPSLSKITSASLPSPPLPTGAVVARKIAGASVVWKDLTVTIKGKRK
YSDKVIKSSNGYALPGTMTVIMGPAKSGKSTLLRALSGKLPDSARMYGEVFINGSRSHLPYGSYGYVERETTLIGSLTVREFLYYSALLQLPGFFFQKKSVVEDAILAMSLGDYANKLIG
GHCYMKGLSSGERRRVSIARELVMRPHALFIDEPLYHLDSVAALLMMVTLKKLASTGCTLIFTIYQSSTEVFGLFDRICLLSNGNTLFFGETLACLQHFSNAGFPCPIMQSPSDHFLRAI
NTDFDRIIAMCKNWQDDHADLSSVNMDTAVAIRTLETTYKSSADAAAVETMIVKLAEKEGPTIKSRGKASNATRIAVLTWRSLLIMSREWKYYWLRLVLYMLLSVCIGSAFSGLGHSLSS
VVTRVAAVFVFISFSALLSIAAVPAQLKEIKIFACEESNHHSGTLVFLLGQLLSSIPFLFLISISSSLVFYFLVGLRDEFSLLMYFVLNFFTCLLLNEVIVLIVTCIGQNIFWSILTLIC
IHVTLMLSAGYFRIRSALPDPGWKYPISYIAFHTYSIQGLLENEYVGTSFAVGQVRTISGYDALRNVYEVSPDINSKWKNVLVLFLMAVGLRIFVYILLQFRVAKNSSIRKLFRCNQSTN
NSR*
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Fig. S2 Transmembrane helices of ABCG proteins as predicted by TMHMM

Shown are the results of TMHMM-2.0 prediction of the numbers and positions of

transmembrane helices for LeABCG1, LeABCG2, and their orthologous proteins. Also shown

are the predicted membrane topologies; purple boxes, blue lines, and orange lines indicate

transmembrane helices and polypeptide topology inside and outside the membrane,

respectively.
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Fig. S3 Phylogenetic tree of L. erythrorhizon and Arabidopsis ABCG proteins

Polypeptide sequences of the NBD domain (i.e., between Walker A and Walker B) of ABCG

proteins were used for alignment. The maximum likelihood method (i.e., the JTT model) was

used to construct the tree. Bootstrapping used 1,000 replicates and the percentage of trees in

which the associated taxa clustered together is shown next to the branches. Class (A–G) and

clade (I–III) were classified as per Zhang et al. (2021) and Panikashvili et al. (2011).



Fig. S4 Genomic structures of all Class A ABCG members from Arabidopsis and tomato

Open boxes, closed boxes, and lines represent untranslated regions, exons, and introns,

respectively.
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Fig. S5 The exon-intron junction sequence of LeABCG2 and its orthologs

The positions of the first (a), third (b), and ninth introns (c) of the ORF region are shown in the

alignment of the genomic sequences of LeABCG2 and its Arabidopsis and tomato orthologs.

Capital and lowercase letters indicate nucleotide sequences in exons and introns, respectively.

Encoded amino acids are shown beneath the corresponding nucleotide sequence. The number

of introns in the entire genomic sequence and the intron length are also shown. Conserved

motifs are highlighted as follows: Walker A (blue), Walker B (purple), D-loop (red), N-terminal

and C-terminal halves of the fifth transmembrane helix (TM5; yellow).

a
LeABCG2 798 GGCCCAGCCAAGTCAGGGAAATCAACTCTGTTGAGAGCTCTTTCAGgtctggttcatt… intron 1 (89 bp) …actccaattcagGAAAACTTCCTGATTCT 949

143 G  P  A  K  S  G  K  S  T  L  L R  A  L  S  G                                                K  L  P  D  S    163

AtABCG3 1010 GGTCCTGCAAAATCCGGGAAGTCTACTCTATTGAGGGCTCTTGCTGgtatgtcatttg… intron 2 (68 bp) …catcttttatagGAAGATTGCCTCCTTCA 1140
151 G  P  A  K  S  G  K  S  T  L  L R  A  L  A  G                                                R  L  P  P S    171

SlABCG17 427 GGTCCTGCCAAGTCAGGGAAATCAACACTCTTGAGAGCCCTTGCAGgtttgtggaatt… intron 1 (88 bp) …tctcttctttagGAAGGTTACCTGATTCA 577
143 G  P  A  K  S  G  K  S  T  L  L R  A  L  A  G                                                R  L  P  D  S    163

SlABCG28 427 GGACCTGCCAAGTCAGGGAAATCAACGCTCTTGAGATCCCTTGCAGgtttgtgttata… intron 1 (88 bp) …tctcttccttagGAAGGTTGCCTGATTCA 577
143 G  P  A  K  S  G  K  S  T  L  L R  S  L  A  G                                                R  L  P  D  S    163

b
LeABCG2 1610 CATGCCTTATTTATAGACGAGCCTCTGTATCATCTTGACAGgtatttgtccct… intron 3 (661 bp) …ttgtcatgtcagTGTCGCTGCACTTCTA 2327

267 H  A  L  F  I  D  E  P  L  Y  H  L  D  S                                                 V  A  A L  L 285

AtABCG3 1534 CATATCTTATTCATCGATGAGCCTCTTTATCATCTTGACAGgttctaaccatt… intron 4  (93 bp) …ctctttttatagTGTTTCGGCACTGCTT 1683
275 H  I  L  F  I  D  E  P  L  Y  H  L  D  S                                                 V  S  A  L  L 293

SlABCG17 1948 CATATTTTATTTATTGATGAACCCCTTTATCATCTTGACAGgttctcttctta… intron 3 (942 bp) …tgttatgttcagCGTTTCTGCACTTCTG 2946
267 H  I  L  F  I  D  E  P  L  Y  H  L  D  S                                                 V  S  A  L  L 285

SlABCG28 2628 CACATTTTATTTATAGATGAACCCCTTTATCGGCTTGACAGgtttacttctta… intron 3 (974 bp) …tgttacattcagTGTTTCTGCACTTCTG 3658
267 H  I  L  F  I  D  E  P  L  Y  R  L  D  S                                                 V  S  A  L  L 285

c
LeABCG2 6068 AACATTTTCTGGAGCATCCTGACCCTAATATGCATACACgtgagttctgcc… intron 9   (88 bp) …ctggtgttacagGTTACGTTGATGCTTTCTGCTGGTTATTTTAGA 6227

590 N  I  F  W  S  I  L  T  L  I  C  I  H                                                  V  T  L  M  L  S  A  G  Y  F  R    613

AtABCG3 3055 GATGTTTACTGGAGCACTTTGACTCTCATCTCTGTACATgtgagttttttc… intron 10 (367 bp) …gcatcattgcagGTGATCATGATGCTCGCAGCAGGACACTTCAGA 3493
598 D  V  Y  W  S  T  L  T  L  I  S  V  H                                                  V  I  M  M L  A  A G  H  F  R    621

SlABCG17 7410 AATATCTTCTGGAGCATCTTAAGTTTTGTGTCCATACATgtgagttctgcc… intron 9  (117 bp) …gaaagtatgcagTGA 7568
590 N  I  F  W  S  I  L  S  F  V  S  I  H                                                  *    603

SlABCG28 7639 GACATCTTCTGGAGCGTCTTGATTTTTGTCTCCATACAAgtgagtctcgtc… intron 9  (197 bp) …tctacattgcagGTGATAATGATGCTTTCTGCTGGCTTTTTAAGA 7907
590 D  I  F  W  S  V  L  I  F  V  S  I  Q                                                  V  I  M  M L  S  A  G  F  L  R    613

Walker A

Walker B D-loop

TM5-N TM5-C



Fig. S6 Metabolite extracts of L. erythrorhizon and chemical treatment corresponding to Fig. 4

(a) L. erythrorhizon cells strain Mpr cultured in M9 medium for 20 days produce red pigment,

shikonin derivatives. (b, c) Intracellular and extracellular metabolite solution (b) and the level of

dried extracts (c) of Mpr cells extracted by chloroform-methanol. Bar graph indicates the mean

with standard error of twelve independent cultures of the cells (intracellular and extracellular

extracts are 9.25 ± 1.44 and 0.507 ± 0.084 mg dried extract per g fresh cell weight,

respectively). (d) L. erythrorhizon hairy roots were treated with intracellular or extracellular

metabolite extracts at 3 mg/mL or 0.3 mg/mL, respectively. (e) L. erythrorhizon hairy roots were

treated with five extracellular metabolites produced by plants: 1 mM acetylshikonin, 1 mM C26:0

fatty alcohol (1-hexacosanol), 1 mM C16:0 ω-hydroxy fatty acid (16-hydroxyhexadecanoic acid),

1 mM monoacylglycerol (2-monopalmitin), and 0.1 mM triacylglycerol (1,2-palmitin-3-

palmitolein). Dimethyl sulfoxide at 1.2% (v/v) in (d) and 2.0% (v/v) in (e) was used as mock

solution.
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Fig. S7 Fluorescent micrographs of GFP fusion proteins for LeABCG1 and LeABCG2

corresponding to split images of Fig. 5

(a, b) Confocal images of N. benthamiana leaf epidermal cells transiently expressing GFP-fused

LeABCG proteins. DIC images corresponding to the top panels of Fig. 5a are shown in a. Split

and DIC images corresponding to the bottom panels of Fig. 5a are shown in b. Green, GFP

fluorescence; magenta, auto-fluorescence of chlorophyll in plastids. (c, d) Confocal images of N.

benthamiana leaf epidermal cells transiently coexpressing LeABCG1-mGFP (c) or LeABCG2-

mGFP (d) with PM marker mRFP-AtPIP1;4 or tonoplast marker mRFP-AtVAM3. Split and DIC

images corresponding to the left panels of Fig. 5b and Fig. 5c are shown in c and d,

respectively. Green, GFP fluorescence; magenta, RFP fluorescence. Bars indicate 50 μm (a),

10 μm (b), and 20 μm (c, d).



Fig. S8 Localization of LeABCG2-mGFP in L. erythrorhizon hairy roots

Shown is LeABCG2-mGFP expression in L. erythrorhizon hairy roots following transformation

with pER8GW_LeABCG2-mGFP and after induction with 20 µM β-estradiol for 20 hours. GFP

fluorescence was detected as PM patterns in the hairy root cells in the presence of β-estradiol.

Rectangles depict enlarged areas in right panels. Bars indicate 20 µm. At least five hairy root

lines were observed for each condition.
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Purpose Gene/vector Sequence (5' to 3')

Sequence determination of cDNA/genomic LeABCG1
ACATCTTTGTCCTATACTCCTGCCTCA

AGAACTTGCATAAGCAGAATCATCAATAAAACC

Sequence determination of cDNA/genomic LeABCG2
TTACTGGGGTTGTTAAAGATTTGAGC

CATATCATCCATTCAAGTGAGGTTGG

Sequence determination of cDNA LeACT
GCCAAAACTTCAACTTAGTCAACCTCA

CCATGGTACTAACCATACAAGAAACATTACC

Sequence determination of genomic LeACT
ATGGCCGATGCCGAGGATATCCA

TTAGAAGCACTTCCTGTGGACAATTGATGGA

Vector construction of pENTR_LeABCG1 LeABCG1

CACCATGTCTAATACAATATGGTCCGAGAACATATCG

TC

TCAGTTCCTCTTGTTCTTACTCCCCAAC

GTTCCTCTTGTTCTTACTCCCCAACAATAGAG

Vector construction of pENTR_LeABCG2 and 

pENTR_LeABCG2-mGFP
LeABCG2

GCAGGCTCCGCGGCCGCCACCATGGAAGAGATACAA

TCACATTCTGATCATTATAGGTCTT

Vector construction of pENTR_LeABCG2 LeABCG2

AGCTGGGTCGGCGCGCCCTCATCTTGAATTGTTTGT

GCTTTGATTGCACC

AGCTGGGTCGGCGCGCCCTCTTGAATTGTTTGTGCT

TTGATTGCACCG

Vector construction of pENTR_LeABCG2-mGFP mGFP
AGCTGGGTCGGCGCGCCCTTACTTGTACAGCTCGTC

CATGCC

Vector construction of pENTR_AtPIP1;4 AtPIP1;4

GCAGGCTCCGCGGCCGCCACCATGGAAGGCAAAGA

AGAAGATGTACGAGT

AGCTGGGTCGGCGCGCCCCTAACTCTTGCTCTTGAA

AGGAATCGCTCT

Vector construction of pENTR_AtVAM3 AtVAM3
CACCATGAGTTTTCAAGATTTAGAATCAGGAAGAGGA

TCAAGCTGCGAGTACTATAATCACGATCAG

Vector construction of pENTR_LeABCG2, 

pENTR_LeABCG2-mGFP, and pENTR_AtPIP1;4

pENTR/D-

TOPO

CGCGCCGACCCAGCTTTCTTGTACAAAGTT

GGCCGCGGAGCCTGCTTTTTTGTACAAAGT

Vector construction of pER8GW
Gateway 

cassette

GTCGACTCTAGCCTCGAACAAGTTTGTACAAAAAAGC

TGAACG

GGCCTGGATCGACTAGTAAGCGCTGTTATCAACCAC

RT-qPCR for LeABCG1 LeABCG1
TCACCCGCGAATATTCCTACTTAC

CTTCTTTCAAAGTCGAACCTGGAG

RT-qPCR for LeABCG2 LeABCG2
CAGAGTTGCAGCAGTCTTCG

CTCATCTCGCAGACCAACAA

RT-qPCR for LeACT LeACT
GCCTTTATTGTCTGCATCACC

GGGGAAAATAGAAAGCCAAAAC

Table S1. Primers used in this study.



Vector name Type of vector Purpose References

pGEM_LeABCG1 cDNA Subcloning Determination of LeABCG1 cDNA sequence This study

pGEM_LeABCG1 genomic Subcloning Determination of LeABCG1 genomic sequence This study

pGEM_LeABCG2 cDNA Subcloning Determination of LeABCG2 cDNA sequence This study

pGEM_LeABCG2 genomic Subcloning Determination of LeABCG2 genomic sequence This study

pGEM_LeACT cDNA Subcloning Determination of LeACT cDNA sequence This study

pGEM_LeACT genomic Subcloning Determination of LeACT genomic sequence This study

WAVE 138Y Cloning template of AtPIP1;4 Geldner et al. 2009

pENTR_LeABCG1-stop Entry clone Cloning of LeABCG1 ORF This study

pENTR_LeABCG1+stop Entry clone Cloning of LeABCG1 ORF This study

pENTR_LeABCG2-stop Entry clone Cloning of LeABCG2 ORF This study

pENTR_LeABCG2+stop Entry clone Cloning of LeABCG2 ORF This study

pENTR_AtPIP1;4 Entry clone Cloning of AtPIP1;4 ORF This study

pENTR_AtVAM3 Entry clone Cloning of AtVAM3 ORF This study

pGWB405m Destination vector -
Nakagawa et al. 2007; 

Segami et al. 2014

pGWB406m Destination vector -
Nakagawa et al. 2007; 

Segami et al. 2014

pGWB502 Destination vector Cloning template of Gateway cassette Nakagawa et al. 2007

pGWB555 Destination vector - Nakagawa et al. 2007

pER8 Destination vector - Zuo et al. 2000

pER8GW Destination vector - This study

pGWB405m_LeABCG1 Expression vector Localization analysis of LeABCG1-mGFP This study

pGWB406m_LeABCG1 Expression vector Localization analysis of mGFP-LeABCG1 This study

pGWB405m_LeABCG2 Expression vector Localization analysis of LeABCG2-mGFP This study

pGWB406m_LeABCG2 Expression vector Localization analysis of mGFP-LeABCG2 This study

pER8GW_LeABCG2-mGFP Expression vector Localization analysis of LeABCG2-mGFP This study

pGWB555_AtPIP1;4 Expression vector Localization analysis of mRFP-AtAtPIP1;4 This study

pGWB555_AtVAM3 Expression vector Localization analysis of mRFP-AtVAM3 This study

Table S2. Plasmid vectors used in this study.



Protein Name Species Database Locus Accession number

AtABCG1 Arabidopsis thaliana TAIR At2g39350 AT2G39350.1

AtABCG2 Arabidopsis thaliana TAIR At2g37360 AT2G37360.1

AtABCG3 Arabidopsis thaliana TAIR At2g28070 AT2G28070.1

AtABCG4 Arabidopsis thaliana TAIR At4g25750 AT4G25750.1

AtABCG5 Arabidopsis thaliana TAIR At2g13610 AT2G13610.1

AtABCG6 Arabidopsis thaliana TAIR At5g13580 AT5G13580.1

AtABCG7 Arabidopsis thaliana TAIR At2g01320 AT2G01320.3

AtABCG8 Arabidopsis thaliana TAIR At5g52860 AT5G52860.1

AtABCG9 Arabidopsis thaliana TAIR At4g27420 AT4G27420.1

AtABCG10 Arabidopsis thaliana TAIR At1g53270 AT1G53270.1

AtABCG11 Arabidopsis thaliana TAIR At1g17840 AT1G17840.1

AtABCG12 Arabidopsis thaliana TAIR At1g51500 AT1G51500.1

AtABCG13 Arabidopsis thaliana TAIR At1g51460 AT1G51460.1

AtABCG14 Arabidopsis thaliana TAIR At1g31770 AT1G31770.1

AtABCG15 Arabidopsis thaliana TAIR At3g21090 AT3G21090.1

AtABCG16 Arabidopsis thaliana TAIR At3g55090 AT3G55090.1

AtABCG17 Arabidopsis thaliana TAIR At3g55100 AT3G55100.1

AtABCG18 Arabidopsis thaliana TAIR At3g55110 AT3G55110.1

AtABCG19 Arabidopsis thaliana TAIR At3g55130 AT3G55130.1

AtABCG20 Arabidopsis thaliana TAIR At3g53510 AT3G53510.1

AtABCG21 Arabidopsis thaliana TAIR At3g25620 AT3G25620.2

AtABCG22 Arabidopsis thaliana TAIR At5g06530 AT5G06530.2

AtABCG23 Arabidopsis thaliana TAIR At5g19410 AT5G19410.1

AtABCG24 Arabidopsis thaliana TAIR At1g53390 AT1G53390.1

AtABCG25 Arabidopsis thaliana TAIR At1g71960 AT1G71960.1

AtABCG26 Arabidopsis thaliana TAIR At3g13220 AT3G13220.1

AtABCG27 Arabidopsis thaliana TAIR At3g52310 AT3G52310.1

AtABCG28 Arabidopsis thaliana TAIR At5g60740 AT5G60740.1

AtABCG29 Arabidopsis thaliana TAIR At3g16340 AT3G16340.1

AtABCG30 Arabidopsis thaliana TAIR At4g15230 AT4G15230.1

AtABCG31 Arabidopsis thaliana TAIR At2g29940 AT2G29940.1

AtABCG32 Arabidopsis thaliana TAIR At2g26910 AT2G26910.1

AtABCG33 Arabidopsis thaliana TAIR At2g37280 AT2G37280.1

AtABCG34 Arabidopsis thaliana TAIR At2g36380 AT2G36380.1

AtABCG35 Arabidopsis thaliana TAIR At1g15210 AT1G15210.1

AtABCG36 Arabidopsis thaliana TAIR At1g59870 AT1G59870.1

AtABCG37 Arabidopsis thaliana TAIR At3g53480 AT3G53480.1

AtABCG38 Arabidopsis thaliana TAIR At3g30842 AT3G30842.1

AtABCG39 Arabidopsis thaliana TAIR At1g66950 AT1G66950.1

AtABCG40 Arabidopsis thaliana TAIR At1g15520 AT1G15520.1

AtABCG41 Arabidopsis thaliana TAIR At4g15215 AT4G15215.1

AtABCG42 Arabidopsis thaliana TAIR At4g15233 AT4G15233.2

AtABCG43 Arabidopsis thaliana TAIR At4g15236 AT4G15236.1

Table S3. Protein sequences of plant ABCG proteins used for phylogenetic analysis

with corresponding accession numbers. Protein sequences of ABCG proteins from

Arabidopsis thaliana, Solanum lycopersicum, and Petunia x hybrida were obtained from The

Arabidopsis Information Resource (TAIR, https://www.arabidopsis.org/), Sol Genomics

Network (SGN and ITAG4.0, https://solgenomics.net/), and UniProtKB

(https://www.uniprot.org/help/uniprotkb), respectively.



Protein Name Species Database Locus Accession number

SlABCG1 Solanum lycopersicum SGN Solyc01g006720 Solyc01g006720.2.1

SlABCG2 Solanum lycopersicum SGN Solyc01g097430 Solyc01g097430.2.1

SlABCG3 Solanum lycopersicum SGN Solyc01g105450 Solyc01g105450.2.1

SlABCG4 Solanum lycopersicum SGN Solyc03g007690 Solyc03g007690.1.1

SlABCG5 Solanum lycopersicum SGN Solyc03g019760 Solyc03g019760.2.1

SlABCG6 Solanum lycopersicum SGN Solyc03g113690 Solyc03g113690.1.1 

SlABCG7 Solanum lycopersicum SGN Solyc04g006960 Solyc04g006960.2.1

SlABCG8 Solanum lycopersicum SGN Solyc04g010200 Solyc04g010200.1.1

SlABCG9 Solanum lycopersicum SGN Solyc04g010210 Solyc04g010210.1.1

SlABCG10 Solanum lycopersicum SGN Solyc04g070970 Solyc04g070970.2.1

SlABCG11 Solanum lycopersicum SGN Solyc05g008350 Solyc05g008350.2.1

SlABCG12 Solanum lycopersicum SGN Solyc05g051530 Solyc05g051530.2.1

SlABCG13 Solanum lycopersicum SGN Solyc05g054890 Solyc05g054890.2.1

SlABCG14 Solanum lycopersicum SGN Solyc05g056470 Solyc05g056470.1.1

SlABCG15 Solanum lycopersicum SGN Solyc06g072090 Solyc06g072090.1.1

SlABCG16 Solanum lycopersicum SGN Solyc06g072100 Solyc06g072100.1.1

SlABCG17 Solanum lycopersicum SGN Solyc06g074970 Solyc06g074970.1.1

SlABCG18 Solanum lycopersicum SGN Solyc07g053300 Solyc07g053300.1.1

SlABCG19 Solanum lycopersicum SGN Solyc07g062630 Solyc07g062630.1.1

SlABCG20 Solanum lycopersicum SGN Solyc07g063400 Solyc07g063400.2.1

SlABCG21 Solanum lycopersicum SGN Solyc08g005580 Solyc08g005580.2.1

SlABCG22 Solanum lycopersicum SGN Solyc08g075430 Solyc08g075430.2.1

SlABCG23 Solanum lycopersicum SGN Solyc09g005970 Solyc09g005970.1.1

SlABCG24 Solanum lycopersicum SGN Solyc09g098410 Solyc09g098410.1.1

SlABCG25 Solanum lycopersicum SGN Solyc11g009100 Solyc11g009100.1.1

SlABCG26 Solanum lycopersicum SGN Solyc11g065350 Solyc11g065350.1.1

SlABCG27 Solanum lycopersicum SGN Solyc11g065360 Solyc11g065360.1.1

SlABCG28 Solanum lycopersicum SGN Solyc11g069710 Solyc11g069710.1.1

SlABCG29 Solanum lycopersicum SGN Solyc12g013630 Solyc12g013630.1.1

SlABCG30 Solanum lycopersicum SGN Solyc12g013640 Solyc12g013640.1.1

SlABCG31 Solanum lycopersicum SGN Solyc12g019620 Solyc12g019620.1.1

SlABCG32 Solanum lycopersicum SGN Solyc12g019640 Solyc12g019640.1.1

SlABCG33 Solanum lycopersicum SGN Solyc01g101070 Solyc01g101070.2.1

SlABCG34 Solanum lycopersicum SGN Solyc02g081870 Solyc02g081870.2.1

SlABCG35 Solanum lycopersicum SGN Solyc03g120980 Solyc03g120980.2.1

SlABCG36 Solanum lycopersicum SGN Solyc05g018510 Solyc05g018510.2.1

SlABCG37 Solanum lycopersicum SGN Solyc05g053570 Solyc05g053570.2.1

SlABCG38 Solanum lycopersicum SGN Solyc05g053590 Solyc05g053590.2.1

SlABCG39 Solanum lycopersicum SGN Solyc05g053600 Solyc05g053600.2.1

SlABCG40 Solanum lycopersicum SGN Solyc05g053610 Solyc05g053610.2.1

(Table S3, continued)



Protein Name Species Database Locus Accession number

SlABCG41 Solanum lycopersicum SGN Solyc05g055330 Solyc05g055330.2.1

SlABCG42 Solanum lycopersicum SGN Solyc06g065670 Solyc06g065670.2.1

SlABCG43 Solanum lycopersicum SGN Solyc06g076930 Solyc06g076930.1.1

SlABCG44 Solanum lycopersicum SGN Solyc08g067610 Solyc08g067610.2.1

SlABCG45 Solanum lycopersicum SGN Solyc08g067620 Solyc08g067620.2.1

SlABCG46 Solanum lycopersicum SGN Solyc09g091660 Solyc09g091660.2.1

SlABCG47 Solanum lycopersicum SGN Solyc09g091670 Solyc09g091670.2.1

SlABCG48 Solanum lycopersicum SGN Solyc11g007280 Solyc11g007280.1.1

SlABCG49 Solanum lycopersicum SGN Solyc11g007290 Solyc11g007290.1.1

SlABCG50 Solanum lycopersicum SGN Solyc11g007300 Solyc11g007300.1.1

SlABCG51 Solanum lycopersicum SGN Solyc11g067000 Solyc11g067000.1.1

SlABCG52 Solanum lycopersicum SGN Solyc12g098210 Solyc12g098210.1.1

SlABCG53 Solanum lycopersicum SGN Solyc12g100180 Solyc12g100180.1.1

SlABCG54 Solanum lycopersicum SGN Solyc12g100190 Solyc12g100190.1.1

SlABCG55 Solanum lycopersicum SGN Solyc00g233480 Solyc00g233480.1.1

SlABCG56 Solanum lycopersicum SGN Solyc01g105400 Solyc01g105400.2.1

SlABCG57 Solanum lycopersicum SGN Solyc04g025170 Solyc04g025170.2.1

SlABCG58 Solanum lycopersicum SGN Solyc05g051540 Solyc05g051540.1.1

SlABCG59 Solanum lycopersicum SGN Solyc06g036240 Solyc06g036240.1.1

SlABCG60 Solanum lycopersicum SGN Solyc06g075020 Solyc06g075020.2.1

SlABCG61 Solanum lycopersicum SGN Solyc07g065770 Solyc07g065770.2.1

SlABCG62 Solanum lycopersicum SGN Solyc09g008000 Solyc09g008000.2.1

SlABCG63 Solanum lycopersicum SGN Solyc11g018690 Solyc11g018690.1.1

SlABCG64 Solanum lycopersicum SGN Solyc11g069820 Solyc11g069820.1.1

SlABCG65 Solanum lycopersicum SGN Solyc07g065780 Solyc07g065780.1.1

SlABCG66 Solanum lycopersicum SGN Solyc11g018680 Solyc11g018680.1.1

SlABCG67 Solanum lycopersicum SGN Solyc00g164680 Solyc00g164680.1.1

SlABCG68 Solanum lycopersicum SGN Solyc02g055530 Solyc02g055530.2.1

SlABCG69 Solanum lycopersicum SGN Solyc04g076170 Solyc04g076170.1.1

SlABCG70 Solanum lycopersicum SGN Solyc09g042280 Solyc09g042280.1.1

PhABCG1 Petunia x hybrida
UniProtKB

/Swiss-Prot
- H9BZ66.1

(Table S3, continued)



Contig ID Protein family

Intact tissue Hairy roots Cultured cells

Peeled 

roots

Root 

barks
Light Dark Light Dark

comp114549_c0_seq1 Choline transporter 0 0.90 0 3.27 0 1.04

comp18047_c0_seq2 Aquaporin 0 2.68 0 3.13 0 1.66

comp3484_c1_seq1 Amino acid transporter 0 0.27 0 0.11 0.10 0.33

comp46786_c2_seq1 ABCG/WBC transporter 0 11.76 0 1.29 0 1.23

comp53960_c0_seq1 Magnesium transporter 0.08 0.29 0 0.16 0 0.26

comp56811_c0_seq1 Dicarboxylate/tricarboxylate carrier 0 0.09 0 0.11 0 0.22

comp58108_c0_seq1 Choline transporter 0 0.14 0 0.08 0 0.43

comp60015_c0_seq1 Dicarboxylate carrier 0.29 1.40 0 0.30 0 0.15

comp62710_c1_seq1 HCO3
- transporter 0 0.20 0 0.47 0 0.46

comp73638_c0_seq1 NRT1/PTR family 0.22 11.62 19.96 68.10 11.45 104.76

comp73638_c0_seq2 NRT1/PTR family 0.22 11.62 19.96 68.10 11.45 104.76

comp73638_c6_seq1 NRT1/PTR family 0.16 8.60 15.29 60.37 7.33 131.96

comp73638_c6_seq2 NRT1/PTR family 0.16 8.60 15.29 60.37 7.33 131.96

comp73638_c6_seq3 NRT1/PTR family 0.16 8.60 15.29 60.37 7.33 131.96

comp73998_c1_seq2 ABCB/MDR/PGP transporter 0 0.38 0.10 1.22 0 0.03

comp74687_c2_seq1 Sulfate transporter 0 2.14 0 5.14 0 4.92

comp77047_c2_seq1 Na+/H+ antiporter 0 2.67 0 1.59 0.81 3.66

comp81225_c1_seq1 NRT1/PTR family 0.02 0.07 0.04 0.15 0.08 0.29

comp85375_c9_seq1 Phosphate transporter 0 1.14 0 0.69 0 0.65

comp87715_c4_seq1 Major facilitator superfamily 0 0.93 0 0.56 0 0.53

comp89353_c2_seq1 Na+/Ca2+ exchanger 0 3.44 0 6.11 0 10.00

comp89522_c15_seq1 Amino acid transporter 0 0.70 0 0.85 0 0.40

comp92896_c0_seq1 NRT1/PTR family 0.08 9.23 0.19 14.05 0.08 48.22

Table S4. FPKM values of selected contigs annotated as membrane transporters.

Contigs annotated as membrane transporters are selected if, according to gene expression

analyses, their FPKM values showed more than threefold increase in shikonin-producing

tissues (i.e., root barks, hairy roots, and cells cultured in the dark). In total, 23 contigs

(including 20 non-redundant genes) are annotated as membrane transporters. Annotations of

the BLAST top hit proteins in The Arabidopsis Information Resource (TAIR) and NCBI

databases is classified in the “Protein family” column.



Contig ID
Contig

length

Score 

(bits)
E Value

comp90667_c0_seq2 2,535 610 e-174

comp77835_c0_seq3 1,521 564 e-160

comp83087_c0_seq1 1,202 382 e-121

comp78121_c0_seq10 3,491 424 e-118 LeABCG2

comp78121_c0_seq6 2,973 424 e-118

comp78121_c0_seq3 3,014 424 e-118

comp78121_c0_seq2 2,988 424 e-118

comp78121_c0_seq1 2,947 424 e-118

comp90667_c0_seq1 2,095 389 e-117

comp51814_c0_seq1 1,467 416 e-115

comp83087_c0_seq4 1,080 388 e-107

comp83087_c0_seq3 993 333 1e-90

comp83061_c0_seq1 2,225 323 1e-87

comp77835_c0_seq1 792 305 6e-82

comp83061_c0_seq3 2,313 303 1e-81

comp78121_c0_seq9 3,490 285 5e-76

comp78121_c0_seq8 3,423 285 5e-76

comp78121_c0_seq7 3,967 285 5e-76

comp78121_c0_seq5 3,464 285 5e-76

comp78121_c0_seq4 3,449 285 5e-76

comp77835_c0_seq4 625 160 8e-72

Table S5. BLAST hits for L. erythrorhizon genes homologous to the PhABCG1 protein.

The results of a homology search using TBLASTN with the PhABCG1 protein sequence as a

query and L. erythrorhizon transcriptome data as a reference. Twenty-one contigs

corresponding to six genes were selected using a cut off set to e-70.



Contig ID

Intact tissue Hairy roots Cultured cells

Table S5 Fig. 1aPeeled 

roots

Root 

bark
Light Dark Light Dark

comp37463_c0 0.99 0.28 0.18 0.51 0.04 0.12 〇

comp46786_c2 0 11.76 0 1.29 0 1.23 〇 (LeABCG1)

comp51814_c0 0.25 0.21 0.03 0.11 1.19 1.85 〇

comp54472_c0 380.08 367.30 28.39 49.84 14.76 12.69 〇

comp55537_c0 0.15 54.34 16.99 21.19 1.31 1.44 〇

comp64490_c0 0.27 6.53 10.40 13.50 0.38 0.24 〇

comp64992_c2 0 0 0 0.02 0.34 0.53 〇

comp65095_c2 0.78 0.57 0.03 0.03 0.01 0.01 〇

comp68402_c0 1.09 0.68 0.36 0.20 0.03 0.03 〇

comp71879_c3 0.51 4.72 0.32 0.39 0.34 0 〇

comp73886_c1 18.03 6.13 9.09 17.11 6.57 1.82 〇

comp76995_c1 0.20 0.04 0.23 0.29 0.70 0.24 〇

comp77835_c0 1.96 3.32 0.01 0.13 0.87 0.03 〇

comp77835_c3 10.49 10.10 0.27 0.81 1.20 0.14 〇

comp78121_c0 32.47 17.88 22.18 24.77 81.11 83.78 〇 〇 (LeABCG2)

comp78569_c0 0.15 0.05 0.11 0.05 0.25 0.20 〇

comp81420_c2 1.40 0.99 32.04 18.07 3.78 3.58 〇

comp82833_c0 1.25 0.59 0.38 0.65 0.21 0.04 〇

comp83061_c0 0.03 6.02 0 0 0 0 〇 〇

comp83087_c0 0.30 0.11 0.39 0.47 0.09 0.13 〇 〇

comp83541_c0 0.66 1.78 4.96 2.87 0.24 0.46 〇

comp83946_c0 0.10 0.04 1.07 1.18 1.10 1.78 〇

comp84562_c0 0.04 2.09 2.89 4.90 0 0.04 〇

comp84797_c0 1.94 0.48 0.44 4.39 0 0.01 〇

comp85417_c1 11.36 2.39 34.07 58.91 4.17 2.79 〇

comp86199_c1 1.28 0.02 0.64 0.15 4.32 3.72 〇

comp87511_c2 4.22 3.73 8.07 6.08 7.03 8.93 〇

comp89164_c3 74.99 79.25 70.40 91.39 95.52 77.83 〇

comp89867_c1 2.18 1.91 2.28 2.55 1.16 0.99 〇

comp90667_c0 2.18 1.55 1.12 1.07 0.77 0.73 〇 〇

comp91805_c5 0.11 0 0.20 0.24 0.62 0.36 〇

comp94207_c0 1.33 0.43 3.72 2.02 0.78 1.05 〇

Table S6. Gene expression of contigs encoding half-sized ABCG transporters in L.

erythrorhizon. Expression levels (FPKM values) of genes encoding a half-sized ABCG

transporter are shown. Six non-redundant genes were selected via homology search of

PhABCG1; these are listed in the column named as “Table S5”. Non-redundant genes

encoding half-sized ABCG transporters that possess a NBD domain (i.e., Walker A to Walker

B) are shown in the column named as “Fig. 1a”. The gene comp46786_c2 is identical to contig

comp46786_c2_seq1, which corresponds to LeABCG1. The gene comp78121_c0 includes the

contig comp78121_c0_seq10, which corresponds to LeABCG2.



LeABCG1 AtABCG2 AtABCG20 SlABCG8 SlABCG9 SlABCG13

LeABCG1 -

AtABCG2 66.30 -

AtABCG20 69.11 82.72 -

SlABCG8 75.10 68.30 70.07 -

SlABCG9 73.56 66.67 68.52 87.82 -

SlABCG13 76.64 68.29 70.76 78.32 76.79 -

LeABCG1 AtABCG2 AtABCG20 SlABCG8 SlABCG9 SlABCG13

LeABCG1 -

AtABCG2 87.77 -

AtABCG20 89.21 94.24 -

SlABCG8 92.09 87.77 88.49 -

SlABCG9 90.65 87.05 87.77 97.12 -

SlABCG13 89.93 87.77 88.49 92.09 92.09 -

LeABCG2 AtABCG3 SlABCG17 SlABCG28

LeABCG2 -

AtABCG3 76.73 -

SlABCG17 80.40 79.90 -

SlABCG28 82.02 79.22 87.54 -

LeABCG2 AtABCG3 SlABCG17 SlABCG28

LeABCG2 -

AtABCG3 89.05 -

SlABCG17 87.59 87.59 -

SlABCG28 85.40 89.78 90.51 -

a

b

c

d

Table S7. Sequence identity of LeABCG1 or LeABCG2 and their orthologs. Amino acid

sequence identities among whole polypeptides of LeABCG1 orthologs (a), NBD domains of

LeABCG1 orthologs (b), whole polypeptides of LeABCG2 orthologs (c), and NBD domains of

LeABCG2 orthologs (d) were calculated using Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/). The percentage identity between two sequences is

shown in each column.
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