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SUMMARY

Potatoes consist of flavonoids that provide health benefits for human consumers.
To learn more about how potato tuber flavonoid accumulation and flesh pigmen-
tation are controlled, we analyzed the transcriptomic and metabolomic profile of
potato tubers from three colored potato clones at three developmental phases
using an integrated approach. From the 72 flavonoids identified in pigmented
flesh, differential abundance was noted for anthocyanins, flavonols, and flavones.
Weighted gene co-expression network analysis further allowed modules and
candidate genes that positively or negatively regulate flavonoid biosynthesis
to be identified. Furthermore, an R2R3-MYB repressor StMYB3 and an R3-MYB
repressor StMYBATYV involved in the modulation of anthocyanin biosynthesis
during tuber development were identified. Both StMYB3 and StMYBATV could
interact with the cofactor StbHLH1 and repress anthocyanin biosynthesis. Our
results indicate a feedback regulatory mechanism of a coordinated MYB
activator-repressor network on fine-tuning of potato tuber pigmentation during
tuber development.

INTRODUCTION

With potato (Solanum tuberosum L.) being a major staple crop around the world, the pigmented cultivars
have attracted research interest because of substantial anthocyanin accumulation, giving both specialty
and capacity for nutritional benefits to human health."? Anthocyanins are classified within the flavonoid
group of compounds, which are derived from the well-characterized flavonoid biosynthetic pathway in
many plants.3 Flavonols, flavones, isoflavones, flavanones, anthocyanins, and condensed tannins (proan-
thocyanidins, PAs) are among the final products of flavonoid biosynthesis, which starts with phenylalanine.®
The phenylalanine is then converted into p-coumaroyl-CoA, with the reaction catalyzed by phenylalanine
ammonia-lyase (PAL), 4-coumarate-CoA ligase (4CL), and cinnamic acid hydroxylase (C4H). Through a
condensation reaction, chalcone synthase (CHS) then converts p-coumaroyl-CoA and fatty acid-derived
malonyl CoA into naringenin chalcone which is subsequently catalyzed by different enzymes within the
pathway to yield various flavonoid compounds. Of these, flavanone 3-hydroxylase (F3H), flavonoid
3'5'-hydroxylase (F3'5'H), flavonoid 3'-hydroxylase (F3'H), and dihydroflavonol 4-reductase (DFR) direct
the route toward leucoanthocyanins. The colorless leucoanthocyanins are then converted by anthocyanidin
synthase (ANS/LDOX) to colored anthocyanidins such as cyanidin, delphinidin, and pelargonidin prior to
glycosylation by Uridine 5'-diphosphate (UDP)-glucose flavonoid-O-glycosyl transferase (UFGT) or other
chemical modifications such as methylation and acylation. These products are transported from the cytosol
to vacuoles for storage via different types of mechanisms mediated by the glutathione S-transferases (GST),
ATP binding cassette (ABC) proteins, and multidrug and toxic extrusion (MATE).*® Other enzymes
involved in the manufacture of flavonols, flavones, isoflavones, and PAs include flavonol synthase (FLS),
flavone synthase (FNS), isoflavone synthase (IFS), anthocyanin reductase (ANR), and leucoanthocyanidin
reductase (LAR).>/®

In addition to genes encoding flavonoid-related enzymes, transcription factors (TFs) that influence gene
expression have been found in various species. For instance, gene expression within this pathway is
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controlled by the MYB-bHLH-WD40 (MBW) complex which basically involves interactions between MYB,
the basic-helix-loop-helix (bHLH), and the WD40/WDR regula‘cors.q'm Within the flavonoid pathway, the
different branches that yield separate end compounds are separately regulated by different MYB TFs
(mainly R2R3-MYB), leading to flavonol, PAs, and anthocyanins,”'12 with 13 out of 126 R2R3-MYB members
controlling flavonoid metabolism in the case of Arabidopsis.'* Flavonol biosynthesis requires regulation by
MYB11, MYB12, and MYB111 of the R2R3-MYB group of TFs,"* while in the seed coat of Arabidopsis, the
accumulation of PAs is regulated by a minimum of four MBW complexes TT2(MYB123)-TT8/GL3/
EGL3(bHLH)-TTG1(WD40), MYB5-TT8-TTG1 with partially overlapped functions.”® The R2R3-MYB
activators which take part in the process of anthocyanin synthesis are well characterized in many species,
with some examples being VWMYBAZ2 and WWMYBA1 in grapevine (Vitis vinifera) berries,'® StANT in potato
(S. tuberosum),’'® and AtMYB114, AtMYB113, AtMYBY0/PAP2, and AtMYB75/PAP1 in Arabidopsis'’ as
well as MdMYB110a, MdMYB10, MdMYBA, and MdMYB1 in apples (Malus % domestica).?%?" Similarly,
in Arabidopsis, R2R3-MYB and R3-MYB repressors such as AtMYB3/4/6 and CAPRICE (CPC)/
TRIPTYCHON (TRY)/AtMYBL2 are also recognized.””*?

Other TFs such as MADS-box,”* zinc finger pro‘[eins,25 AP2/ERF,?® the WRKY family,27'28 and the bZIP fam-
ily29,30
They mostly co-regulate flavonoid production by interacting with members of the MBW complex; for
example, AP2/ERF TFs complexed with PyMYB114 to positively co-regulate anthocyanin accumulation in
pear (Pyrus bretschneideri),”’ while in red-fleshed apple, the MdHY5-MdWRKY41-MdMYB complex
influences the synthesis of anthocyanin and PAs.”® Other transcription factors are also recognized as
upregulating key R2R3 MYB controllers. For example, several peach NAC [No apical meristem (NAM), Ara-
bidopsis transcription activation factor (ATAF), Cup-shaped cotyledon (CUC)] TFs upregulate peach
MYB10 expression in red-fleshed peaches (Prunus persica).*

also highlight the significance of transcriptional regulation for controlling flavonoid biosynthesis.

Characterizing the flavonoid biosynthesis pathway in potatoes as well as associated regulatory genes has
been the focus of several studies.'”"'®*3 |n the present work, we examined potato clones developed by
conventional breeding procedures from the same ancestor, which showed yellow, red, and purple pigmen-
tation. This feature allows the identification of factors responsible for flavonoid biosynthesis without con-
founding the genetic background. Joint transcriptome and metabolome analyses identified potato tubers’
major flavonoid compounds and corresponding genes. A total of 72 flavonoids were placed, and weighted
gene co-expression network analysis (WGCNA) provided co-expressed gene modules that allowed genes
which are essential for controlling flavonoid synthesis to be identified. Two MYB repressors (an R2R3-MYB
and an R3-MYB) were determined engaged in feedback regulatory mechanisms underlying the biosyn-
thesis of flavonoid accumulation in colored potatoes during tuber development. The current study will
clarify the temporal accumulation of flavonoids in different colored potato tubers, expand our understand-
ing of the regulatory mechanism of flavonoid synthesis, and facilitate research into engineering flavonoid
composition in potato tubers.

RESULTS

Metabolic differences between the three potato clones over development

Seventy-two types of flavonoids were detected in three potato clones at different developmental stages
(Figure 1A) including 24 anthocyanins, 21 flavones, 18 flavonols, four flavan-3-ols, two dihydroflavones,
one dihydrochalcone, one dihydroflavonol, and one isoflavone (Table 1). We screened differentially
accumulated flavonoids (DAFs) using a |Log2 (fold change)| > 1, a variable importance in project (VIP) value
of >1, and a p value <0.05 as thresholds. The numbers of DAF ranged from 31 to 56, 27 to 51, and 42 to 62
between two potato clones at three developmental stages (S1, 52, and S3) and from 1to 3, 15t0 40, and 9 to
32 between two developmental stages of Y, R, and P, respectively (Figures 1B and 1C).

Ten flavonoids were ubiquitously accumulated in the flesh of R and P tubers, even when the tuber flesh of
R was white or yellow at ST and S2, with most of these flavonoids being pelargonidin (Pg) derivatives.
Forty-seven flavonoids were accumulated in purple flesh of P at three stages, of which 20 flavonoids
were exclusively reserved in purple flesh: two malvidin (Mv) derivatives, nine petunidin (Pt) derivatives,
one delphinidin (Dp), one cyanidin (Cy) derivative, four flavonols, two flavones, and one isoflavone (Fig-
ure ST and Table S2). Twenty-three flavonoids accumulated in white, yellow, and red flesh of R at three
stages, in which seven flavonoids were specifically accumulated: five flavones and two flavan-3-ols. The
numbers of common and unique flavonoids in different clones at different developmental stages are
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Figure 1. Tuber color and number of differentially accumulated flavonoids among three potato clones at three
developmental stages

(A) Tuber colors of three potato clones at three developmental stages, CIP 302281.17, CIP 302281.25, and CIP 302281.15,
were renamed as Y, R, and P according to their dominant flesh color. S1, S2, and S3 represent tuberization, tuber bulking,
and tuber maturation stages, respectively. Scale bar, 1 cm.

(B) Numbers of differentially accumulated flavonoids (DAFs) among Y, R, and P at three stages.

(C) Numbers of DAFs among three developmental stages. See also Table 1 and Figure S1.

shown in Venn diagrams in Figures STA and S1B. Twenty-four flavonoids were present in red and purple
tuber flesh, in which nine flavonoids were exclusively accumulated: one Dp derivative, five flavones, two
flavonols, and one dihydroflavone (Figure STA and Table S2). We further identified 40 DAFs between
white/yellow flesh and red flesh of R, of which 13 flavonoids showed uniquely significant accumulation
in red flesh with |Log,(fold change)| from 1.62 to 12.25: five anthocyanins (Pg, Dp, and Cy derivatives),
two flavan-3-ols, four flavonols, and two flavones (Figure S1B and Table S2).

The composition or general structure of flavonoid compounds differed depending on the potato cultivar
and developmental stage, indicating that the pigmentation of potato tubers could be influenced by these
metabolites. Several kaempferol, apigenin, dihydrokaempferol, eriodictyol, and quercetin derivatives and
all the six Pg derivatives were more abundant in red flesh. The common monomeric precursors (flavan-3-
ols) of the proanthocyanidins—afzelechin and epiafzelechin—showed high accumulation in the red flesh
of the red clone at S3. The accumulation of Pn, Cy, Mv, Pt, and Dp led to the dark purple appearance of
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Table 1. Flavonoid metabolites detected in three potato clones

SS300V N3dO

Q1 Molecular lonization

Metabolite Index Compounds (Da) Weight (Da) Formula model YS1® RS1?  PS1° YS2® RS2® PS2? YS3* RS3? pPS3?®

1.Hmmp001656 Pelargonin-O-rutinoside 579 578 C27H31014 [M+H]+ 9 112000 47833 9 58633 39767 9 1038000 31633

2.Hmmp001174 Pelargonin-O-Hexoside- 741 740 C33H41019 [M+H]+ 9 133000 35467 9 53467 103733 9 1063333 59333
O-rhamnoside-O-Hexoside

3.Zmmp001791 Pelargonidin-3-rutinoside- 741 741 C33H41019+ [M]+ 9 60867 18533 9 27133 55233 9 583000 32567
5-glucoside

4.Zmmp003570 Pelargonidin3- 887 887 C42H47021+ [M]+ 9 171000 56767 9 107500 93467 9 5163333 106900
p-coumaroylrutinoside-
5-glucoside

5.Zmmp003304 Pelargonidin 3-O-[2-O-Glucosyl- 903 903 C42H47022+ [M]+ 9 4300 2733 9 3017 679 9 144333 4717
6-O-p-Coumaroyl-Glucoside]-5-
O-(Glucoside)

6.pme3392 Pelargonidin 3-O-glucoside 433 433 C21H21010+ [M]+ 9 82233 20400 9 48167 8877 9 693667 14633

7. pmb0550 Cyanidin 3-O-glucoside 449 449 C21H21011+ [M]+ 4886 26800 9 9 30833 9 26467
(Kuromanin)

8.pme1773 Cyanidin 3-O-rutinoside 595 595 C27H31015+ [M]+ 9 110333 1700000 9 81633 2363333 9 251333 1286667
(Keracyanin)

9.Zmmp003451 Cyanidin-3-p- 903 903 C42H47022+ [M]+ 9 3043 110333 9 9 235333 9 155667 463667
coumaroylrutinoside-5-glucoside

10.Zmmp003244 Delphinidin-3-p- 919 919 C42H47023+ [M]+ 9 9 55100 9 9 139667 9 9 357000
coumaroylrutinoside-5-glucoside

11.pme3256 Delphinidin 3-O-rutinoside 611 611 C27H31016+ [M]+ 9 9 1066667 9 9 1356667 9 5187 877667

12.Zmmp003722 Peonidin-3-feruloylrutinoside- 947 947 C44H51023+ [M]+ 3830 67233 9 115667 9 11733 74100
5-glucoside

13.Zmmp003631 Peonidin-3-p-coumaroylrutinoside- 917 917 C43H49022+ [M]+ 9 9917 347667 9 1123 720333 9 114500 921333
5-glucoside

14.pme3391 Petunidin 3-O-glucoside 479 479 C22H23012+ [M]+ 9 10130 9 39600 9 9 35433

15.Zmmp003478 Petunidin-3-p-coumaroylrhamnoside- 771 771 C37H39018+ [M]+ 9 646 129333 436 9 224333 9 2189 273333
5-glucoside

16.Zmmp003779 Petunidin-3-p-coumaroylrutinoside 771 771 C37H39018+ [M]+ 9 146333 9 173000 9 368333

17.Zmmp001564 Petunidin-3-rutinoside-5-glucoside 787 787 C34H43021+ [M]+ 9 149333 9 597667 9 244000

18.Zmmp004046 Petunidin-3-p-coumaroylrutinoside- 933 933 C43H49023+ [M]+ 9 9 157667 9 9 298667 9 9 637333
5-glucoside

19.Zmmp003482 Petunidin-3-p-coumaroylrutinoside- 933 933 C43H49023+ [M]+ 1663 9 1110000 9 9 2096667 826 3539 2780000
7-glucoside

20.Zmmp003155 Petunidin-3-caffeoylrutinoside- 949 949 C43H49024+ [M]+ 9 9 77767 9 9 62833 9 9 108200

5-glucoside

(Continued on next page)
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Table 1. Continued

Q1 Molecular lonization g’.

Metabolite Index Compounds (Da) Weight (Da) Formula model YS1® RS1®  PS1? YS2® RS2* PS2? YS3® RS3? PS3? ()

21.Zmmp003556 Petunidin-3-feruloylrutinoside- 963 963 C44H51024+ [M]+ 9 9 110633 9 9 230667 9 9 168000 g
7-glucoside ()

22.Zmmp004160 Petunidin-3-feruloylrutinoside- 963 963 C44H51024+ [M]+ 9 9 15033 9 9 28200 9 9 28133
5-glucoside

23.Zmmp004296 Malvidin-3-p-coumaroylrutinoside- 947 947 C44H51023+ [M]+ 9 9 2483 9 9 13033 9 9 23767
5-glucoside

24.Zmmp003756 Malvidin-3-feruloylrutinoside- 977 977 C45H53024+ [M]+ 9 9 8267 9 9 19400 9 9 10493
5-glucoside

25.mws2118 Phloretin 2/-O-glucoside 435 436 C21H24010 [M—H]- 1317 4760 13750 898 5590 34233 1111 95133 47367

26.HMmMn002691  Eriodictiol-O-Hexoside- 903 904 C39H52024 [M—Hl 9 151000 48300 9 41933 41000 174 5836667 50000
O-rhamnoside-O-Hexoside-O-rhamnoside

27.Hmmn002379  Eriodictiol-O-Hexoside-O- 919 920 C39H52025 [M—HJ- 9 9 132333 9 9 238333 9 133833 500667
rhamnoside-O-Hexoside-O-Hexoside

28.mws 1094 Dihydrokaempferol 287 288 C15H1206 [M—H]- 9 44600 2150 9 15800 @9 9 106567 9

29.mws1422 (—)-Epiafzelechin 275 274 C15H1405 M+H+ 9 10120 9 9 8363 9 463 114733 4703

30.mws0034 Epigallocatechin gallate 457 458 C22H18011  [M—H]- 2236 9 5686 969 9 9 9 234339 1123

31.mws0351 Gallate catechin gallate 457 458 C22H18011 [M—H]- 9 9 9 8373 9 9 9 144673 9

32.pme3285 Afzelechin(3,5,7,4’-Tetrahydroxyflavan) 275 274 C15H1405 M+H+ 9 34400 886 9 23700 756 9 182667 2350

33.Hmmp002447  Apigenin-O-rutinoside-O-Hexoside 725 724 C33H40018 [M+H]+ 9 5706 9 9 11903 9 9 1230000 9

34.Hmmp002474  Apigenin-O-Hexoside-O-rhamnoside- 755 754 C33H38020 [M+Hl+ 9 49600 9 9 129333 9 9 546000 9
O-glucuronate

35.Hmmp002073  Apigenin-O-Hexoside- 903 902 C39H50024 [M+H]+ 9 7536 300000 9 4483 530667 9 442333 972000
O-rhamnoside-O-Hexoside-O-Hexoside

36.HmMmMp002266  Apigenin-O-Hexoside- 887 886 C39H50023 [M+HJ]+ 9 366667 91633 9 177000 188000 3213 10810000 233667
O-rhamnoside-O-rhamnoside-O-Hexoside

37.pme2459 Luteolin 7-O-glucoside(Cynaroside) 449 448 C21H20011 [M+H]+ 9 51633 9 9 32767 9 439 509667 9

38.pmp000593 Luteolin-7-O-rutinoside 595 594 C27H30015 [M+H]+ 9 14667 1083 9 4527 439 9 130000 9

39.pmp001079 Luteolin-7-O-neohesperidoside(Lonicerin) 595 594 C27H30015 [M+H]+ 9 15267 9 9 5573 9 9 156667 9

40.pmp000595 Luteolin-7,3'-Di-O-B-D-Glucoside 611 610 C27H30016 [M+H]+ 9 9 19433 9 9 48100 9 29933 80933

41.Hmpp002612 Luteolin-7-O-B-D-gentiobioside 611 610 C27H30016 [M+H]l+ 9 9 34567 9 9 57233 9 43933 97933

42 Hmmn003584 Luteolin-O-rutinoside-O-rhamnoside 739 740 C33H40019 [M—H]- 9 16033 9 9 4627 9 9 929667 9

43.Hmmp002169  Luteolin-O-Hexoside- 903 902 C39H50024 [M+H]+ 9 8097 369000 9 4683 541000 9 457333 1097333

O-rhamnoside-O-rhamnoside-
O-Hexoside

(Continued on next page)
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Table 1. Continued

Q1 Molecular lonization

Metabolite Index Compounds (Da) Weight (Da) Formula model YS1® RS1®  PS1? YS2® RS2* PS2? YS3® RS3? PS3?

44.CWJP002289 Luteolin-3-O-glucosyl- 919 918 C42H46023 [M+H]+ 9 9 179667 9 9 317667 9 1413 932667
rhamnosyl-glucoside-glucoside

457mhp002897  lIsochrysoeriol C-hexosyl-O- 625 624 C28H32016 [M+Hl+ 9 9 57467 9 9 132333 9 19667 147000
hexoside

46.mws0043 Nobiletin 403 402 C21H2208 [M+Hl+ 4727 4740 5183 4833 4917 4380 4687 4713 4680

47.pmb3041 Tricin O-saccharic acid 521 522 C23H22014  [M—H]- 109800 210667 260667 162667 338333 176000 87500 48300 57733

48.Zmhp002798 Isosaponarin 595 594 C27H30015 [M+H]+ 9 9 9 9 9 5523 9 299333 7807

49 Hmmp002322  Chrysoerio-O-Hexoside-O- 917 916 C40H52024 [M+H]l+ 9 83067 1170000 1093 113333 2340000 9 1293333 3026667
rhamnoside-
O-rhamnoside-O-Hexoside

50.HMmp002324  Tricin-O-Hexoside-O-rhamnoside- 947 946 C41H54025 [M+H]+ 9 14700 391000 9 10393 716000 9 22703 628000
O-rhamnoside-O-Hexoside

51.mws0055 Tangeretin 373 372 C20H2007 [M+H]+ 3403 2903 3227 3273 2773 2443 2963 2700 2850

52.Lmnp002584 5,7 ,4'-Trihydroxy-6-methoxyflavone- 625 624 C28H32016 [M+Hl+ 9 9 66700 9 9 152000 9 23533 153000
8-C-[B-D-glucosyl-(1-2)]-B-D-glucoside

53.Lmnp002448 5,7,3 ,4'-Tetrahydroxy-6- 641 640 C28H32017 [M+H]+ 9 9 188667 9 9 297333 9 9 299000
methoxyflavone-8-C-[B-D-glucosyl-
(1-2)]-B-D-glucoside

54 Hmmp002121 Isorhamnetin-O-gallate 469 468 C23H16011 [M+H]+ 8936 82400 26533 949 110933 2083 619 13513 9

55.Hmcp001859 Isorhamnetin-O-rutinoside 625 624 C28H32016 [M+H]+ 9 1773 67033 9 9 164333 9 24867 173667

56.GQ512005 Kaempferol-3-O-glucoside-7-O- 595 594 C27H30015 [M+Hl+ 9 12533 869 9 4627 653 9 159333 1300
rhamnoside

57.pme0369 Kaempferol 3-O-rutinoside 593 594 C27H30015 [M—H]- 363 183667 7647 1780 64833 10727 1616 1860000 14920
(Nicotiflorin)

58.Lmmp003217 Kaempferol 3-O-B-d-(6"-O-(E)- 595 594 C30H26013  [M + H]+ 1491 265000 15300 1293 77600 16333 2150 2850000 18867
p-coumaroyl)glucopyranoside

59.Lmbp003230 Kaempferol-3-O- 595 594 C27H30015 [M+H]l+ 9 254000 10567 866 92233 12097 1733 3723333 14900
neohesperidoside

60.Lnrp002296 Kaempferol glc-rha 595 594 C27H30015 [M+H]+ 1950 626333 31233 3663 251333 38300 8850 6516667 30400

61.Lmbp002592 Kaempferol-3,7-di-O-B-D- 611 610 C27H30016 [M+H]+ 9 9 34667 9 9 62067 9 40400 90900
glucopyranoside

62.CWJP002348 Kaempferol-3-O-rhamnosyl- 949 948 C43H48024 [M+H]+ 416 436 202000 332 1143 254333 9 9 434000
sophoroside-7-O-glucoside

63.Lmbp003393 Quercetin-3-0O-a-L- 449 448 C21H20011  [M + H]+ 646 50033 4530 9 29333 5813 873 592667 2993
rhamnopyranoside

64.Lmmp002859 Quercetin glucoside-glucoside 627 626 C27H30017 [M+H]+ 2215 25410 13167 7437 8207 33833 1647 1283 52100

(Continued on next page)
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Table 1. Continued

Q1 Molecular lonization
Metabolite Index Compounds (Da) Weight (Da) Formula model YS1?  RS1®  PS1° YS2® RS2® PS2°® YS3* RS3? PS3?
65.HmMmp002336 Quercetin-O-feruloyl-Pentoside 611 610 C30H26014 [M + H]+ 899 28267 44700 3536 37667 58933 893 52800 57000
66.HMmMp002041 Quercetin-O-Hexoside-O- 919 918 C39H50025 [M+H]l+ 9 9 179333 9 9 273667 9 9 547003
rhamnoside-O-rhamnoside-
O-Hexoside
67.LmIn001801 Myricetin-3,7-O-dirhamnoside 625 626 C27H30017 [M—H]- 9 10110 9 9 23100 9 9 32700
68.omp001310 6-Hydroxykaempferol-3,6-O- 627 626 C27H30017 [M+H]+ 9 23640 16400 5723 7706 35533 1419 860 77467
Diglucoside
69.Hmmp002189  Isorhamnetin-O-Hexoside- 933 932 C40H52025 [M+H]+ 3103 3856 2903333 9 15540 6090000 9 9606 8903333
O-rhamnoside-
O-rhamnoside-O-Hexoside
70.Hmmp002008 Isorhamnetin-O-Hexoside-O- 949 948 C40H52026 [M+H]l+ 9 9 268667 9 9 301000 9 9 416000
rhamnoside-O-Hexoside-
O-Hexoside
71.Hmmp002240 Isorhamnetin-O-Hexoside-O- 963 962 C40H50027 [M+H]+ 9 9 407333 9 9 592000 9 1499 559000
rhamnoside-O-glucuronate-
O-Hexoside
72.Lmhp002800 2'-Hydoxy,5-methoxy Genistein- 641 640 C28H32017 [M+H]l+ 9 9 90067 9 9 247333 9 9 229333

4',7-O-diglucoside

Note: Y, R, and P represent potato clones CIP 302281.17, CIP 302281.25, and CIP 302281.15, respectively; S1, S2, and S3 represent tuberization, tuber bulking, and tuber maturation stages, respectively, as

shown in Figure 1.

®Relative amounts of flavonoids in potato tubers at three stages. The number 9 represents this kind of flavonoid was not detected1-24 = Anthocyanins25 = Dihydrochalcone26-27 = Dihydroflavones28 =
Dihydroflavonol29-32 = Flavan-3-0ls33-53 = Flavones54-71 = Flavonols72 = Isoflavone
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Figure 2. Heatmap of metabolites of flavonoid synthesis pathway in tuber flesh of three potato clones at three developmental stages

The pathway was built based on the KEGG pathway and references. Each colored cell represents the values of each compound ion normalized by converting
into log10 unit according to the color scale (average value of three biological replicates X three clones X three stages, n = 9). Api, apigenin; Cy, cyanidin; Dp,
delphinidin; Eri, eriodictyol; gen, gentiobioside; glu, glucoside; gluc, glucopyranoside; hex, hexoside; Kae, kaempferol; Lut, luteolin; Mv, malvidin; Nar,
naringenin; neo, neohesperidoside; pen, pentoside; Pg, pelargonidin; Pn, peonidin; Que, quercetin; rha, rhamnoside; rham, rhamnopyranoside; rut,
rutinoside; sop, sophoroside; PAL (phenylalanine ammonia-lyase); 4CL (4-coumarate-CoA ligase); C4H (trans-cinnamate 4-monooxygenase); CHI, chalcone
isomerase; F3H, flavonoid 3-hydroxylase; F3'H, flavonoid 3'-hydroxylase; F3'5'H, flavonoid 3'5'-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS,
anthocyanidin synthase; FLS, flavonol synthase; FNS, flavone synthase; LAR, leucoanthocyanidin reductase; ANR, anthocyanin reductase. See also Table 1.

the P clone during tuber development; the high accumulation of Pg derivatives and with Cy and Pn deriv-
atives in red flesh of R led to the red coloration at the S3 stage (Figure 2).

Transcriptome analysis of the tuber flesh of three potato clones at three stages

About 71.69%-88.58% of the clean reads were mapped to the reference genome. Out of 16,420 identified
DEGs, between 548 and 4,706 were upregulated, while between 686 and 4,596 genes were downregulated
(Figure S2). Differential Gene Ontology (GO) enrichment analysis focused on three major categories: mo-
lecular functions, cellular components, and biological processes, with p values <0.05. The carbohydrate de-
rivative binding, anion binding, and ADP binding in the molecular function; thylakoid, plastid envelope,
and chloroplast envelope in the cellular component; and response to stimuli, response to stress, and
response to chemicals in the biological processes were the top three terms with the lowest p values in
each category (Figure S3 and Table S3).

We used systems biology approach by employing weighted gene co-expression network analysis
(WGCNA) to investigate the gene regulatory network of flavonoid synthesis in potato tubers.** This analysis
resulted in 22 distinct modules (Table S4). The analysis of the modules revealed that three modules (greyé0,
greenyellow, and royalblue) were highly and positively correlated with most of the anthocyanins, flavonols,
dihydroflavonols, flavones, dihydroflavones, flavan-3-ols, and dihydrochalcones, whereas two modules
(green and red) had a high negative correlation (Figures 3A-3C). The results indicated that the genes within
these modules may be involved in synthesizing flavonoids in tuber flesh during development.

The three gene sets (grey60 modules 118 genes, greenyellow 556 genes, and royalblue modules 63 genes)

were positively correlated with flavonoids; of these, a significant correlation was particularly found between
the grey60 module and flavonoid metabolites in the red flesh of R (r* > 0.86, p < 1e-08), such as all Pg
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Figure 3. Weighted gene co-expression network analysis (WGCNA)

(A-C) Module—flavonoid relationship. A row and column respectively indicate a module and a specific flevonoid compound in potato clones (details in
Table 1). Each cell’s value represents the correlation coefficient between a module and the flavonoid and is displayed based on the color scale on the right.
p values are shown in parentheses in the center of each cell. The red or green arrows indicate the modules with higher positive or negative correlation with
flavonoid compounds.

(A) module-anthocyanin relationships; (B) module-flavone relationships; (C) module-flavonol, flavan-3-ols, and dihydrochalcone relationships. See also Tables 1 and S4.

derivatives, apigenin, luteolin, and kaempferol derivatives (Figure 3). These genes were highly upregulated
or downregulated in the red flesh of R according to kME (eigengene-based connectivity) value (Figure 4A),
whereas the genes in greenyellow module were more closely related to the flavonoid metabolites in the
purple flesh of P (Figure S4A). Enrichment analysis of GO terms revealed that for genes co-expressed in
the greyé0 module, “response to UV-B” as well as the biosynthesis of “flavonoid” and “phenylpropanoid”
was significantly enriched biological processes (Figure 4B and Table S5). In contrast, the “DNA recombina-
tion”, “organelle organization”, and “mitochondrial transmembrane transport” biological processes were
significantly enriched in the greenyellow module, while in the royalblue module, significantly enriched
genes were mostly involved in “heterocycle metabolism”, “regulation of developmental process”, and
"“organic cyclic compound metabolism” (Figures S4A and S4B, Table S5).

Gene networks were further constructed and visualized by WGCNA and Cytoscape for identifying key hub
regulatory genes within these modules.”” In this case, an edge weight >0.15 was selected, with each node
and the connecting lines (edges) representing a gene and co-expression relationships, respectively. For
the analysis, it was assumed that key regulatory genes were more likely to be found in hub genes having
most connections within the network.

In the grey60 module network, most genes were flavonoid-related pathway genes, while StCHI (Soltu.
DM.05G022280) was the hub gene having most edges (26), followed by StPAL (Soltu. DM.05G026870)

iScience 26, 105903, February 17, 2023 9
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Figure 4. Expression profiles, functions of genes in grey60 module, which is positively correlated with flavonoid
compounds

(A) Eigengene expression values and heatmap based on FPKM of each gene of greyb60 module. The eigengene value of
the module or gene is shown on the y axis; the x axis indicates the type of potato clones (Y, R, and P) and the three
developmental stages (51, S2, and S3). The number of genes in grey60 module is indicated at the top.

(B) Results of the analysis of enriched GO terms for the greyé0 module as visualized by the “TreeMap” view of REVIGO.
Common colors represent groupings based on parent GO terms, and each rectangle is a single cluster representative for
the non-redundant GO term. The representatives are joined into “superclusters” of loosely related terms, visualized with
different colors. The size of the rectangles reflect the p value. See also Tables S4 and S5.

with 23 edges. In green-yellow module network, Soltu. DM.10G014550, of unknown function, had
most edges (113), followed by a DNA repair protein (Soltu. DM.07G017450) with 103 edges. In royalblue
module network, histone deacetylase HDT2-like gene Soltu. DM.04G014010 and myosin-11-like gene
Soltu.DM.06G001190 are the hub genes with the highest number of edges (? edges and 8 edges, respec-
tively) (Table S6).
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The green module (1237 genes) was strongly negatively correlated with most of the flavonoids, and
the red module was also negatively correlated with most flavonoids (Figure 3). The StAN1 (Soltu.
DM.10G020850)—anthocyanin biosynthesis activator of the potato tuber—and the cofactor StbHLH1
(Soltu. DM.09G019660)'® were assigned into the red and green modules, with kME value —0.8
and —0.9 (Table S4). The F3'5H (Soltu. DM.11G020990) and DFR (Soltu.DM.02G024900) genes within
the anthocyanin biosynthesis pathway were assigned into the green module, with kME value —0.9,
showing they were highly upregulated in the colored flesh of R and P (Table S4). The anthocyanin
cofactor StbHLH1 was also in the green module with a strong negative correlation, suggesting the
expression of F35'H and DFR pathway genes was more likely to be associated with StbHLH1, which
was only highly upregulated in colored flesh. The expression level was consistent with an anthocyanin
accumulation trend.

In the red module network, high expression of genes with positive kME values was only observed for white
and yellow tuber flesh of Y, whereas the genes with negative kME values were highly upregulated in the
flesh of R and P at three stages. "DNA recombination” and “ribosome biogenesis” represented the
main biological processes in which these genes were mainly involved (Figure S4). The anthocyanin activator
StAN1 was assigned to the red module with a significantly negative correlation (kME = — 0.8) (Table S4).
Unlike F3'5'H, DFR and StbHLH1 expression levels, StANT was highly upregulated in the flesh of R and P
at three stages (Table S4), suggesting StANT was activated at the initial developmental stage of the tuber
in colored cultivars, to participate in regulating flavonoid biosynthesis.

Expression of flavonoid synthesis-related genes in three potato clones

We identified 8 differentially expressed PALs: 2 of them (Soltu. DM.09G005690 and Soltu. DM.05G026870),
named PAL-1and PAL-2, were in module grey60, which were highly expressed in colored flesh, suggesting
the two PALs were involved in flavonoid biosynthesis (Figure 5). Five 4CLs and 3 C4Hs were identified in our
dataset; the relatively high expression of 4CL-4, C4H-2, and C4H-3in tuber flesh ensured the production of
precursor compounds for the phenolic and flavonoid biosynthesis. CHS and CHI are key enzymes control-
ling flavonoid biosynthesis. In the present study, we identified two CHSs and two CHis, belonging to
module grey60, which were highly expressed in tuber flesh of R and P at three developmental stages,
and the highest expression level was present in red flesh of R at S3. In RS3, a consistently high expression
of F3H results in the production of dihydrokaempferol. DFR and FLS use dihydrokaempferol, dihydroquer-
cetin, or dihydromyricetin as the substrate for respectively producing colored anthocyanins and colorless
flavonols such as kaempferol, quercetin, or myricetin, with the level of FLS and DFR expression influencing
the amount of both compounds.*® The kaempferol, quercetin, and myricetin derivatives in RS3 and PS3
were highly accumulated in our datasets (Figure 2 and Table 1); however, the FLS transcription levels iden-
tified did not correlate with flavonol content. The high expression of UFGT, ANS, and DFR in RS3 led to a
high accumulation of Pg derivatives. In addition, the F3'5'H also showed high expression in RS3, leading to
the production of Cy derivatives, thus the flesh red color. We also found the monomeric precursors—flavan
3-ols (in this case afzelechin and epifzelechin)}—were highly accumulated in RS3, which were formed via the
reduction of leucopelargonidin by LAR or via the reduction of pelargonidin by ANR.*” 2 ANR genes were
identified, but no LAR was detected in our work, suggesting the other genes were involved.

In purple flesh, the F3'H was weakly expressed, but high luteolin, eriodictyol, myricetin, quercetin, Dp, Pt,
My, and Pt derivatives contents were accumulated, suggesting the highly expressed F3H and F3'5'H genes,
coupled with the high expression of UFGT, ANS, DFR, and AOMT, were mainly responsible for affecting
flavonoid biosynthesis by routing flux through dihydromyricetin, dihydroquercetin, and luteolin. This led
to the increased accumulation of Dp, Pt, Mv, and Pt derivatives, finally resulting in the dark-purple color
in tuber flesh of P at stage S3. GSTs, MATEs, and the ABC proteins act as carrier proteins for sequestering
anthocyanin and proanthocyanidin (PA) within vacuoles.” We found two GSTs, one MATE, and two ABC
transporters in module greyb0 which could very likely participate in flavonoid synthesis. Also, a plasma
membrane H + -ATPase energizes TT12—the MATE transporter for the import of PAs into the vacuole.*®
In our dataset, we identified an F-type H+-ATPase (Soltu. DM. 02G026440) in the greyé0 module highly ex-
pressed in tuber flesh of R at stage three, which could be responsible for this function (Figure 5).

Flavonoid synthesis regulated by transcription factors

In the grey60 module, one R2R3-MYB (Soltu.DM.05G004700) and one MYB-related (Soltu.DM.12G023200)
TF showed high intra-modular connectivity with kME value > 0.9, highly expressed in colored flesh. In the
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Figure 5. The expression profile of major flavonoid-related genes in tuber flesh of Y, R, and P potato clones at
three developmental stages

Each row and column represent a gene and a library, respectively. The blue to red color of cells represent the log2-
transformed FPKMs normalized by row scale. The original FPKM values are shown in the middle of each cell. Gene IDs
were presented in parentheses and “Soltu.DM.” was omitted for clarity. *PAL (phenylalanine ammonia-lyase); 4CL
(4-coumarate-CoA ligase); C4H (trans-cinnamate 4-monooxygenase); CHS (chalcone synthase); CHI (chalcone
isomerase); F3H (naringenin 3-dioxygenase); DFR (dihydroflavonol 4-reductase); F3'H (flavonoid 3’-monooxygenase);
F3'5'H (flavonoid 3/, 5'-hydroxylase); AOMT (flavonoid 3,5'-methyltransferase); ANS (anthocyanidin synthase); UFGT
(UDP-glucose flavonoid 3-O glucosyltransferase); GST (glutathione transferase); MATE (Multidrug and toxic extrusion);
ABC transporter (ATP-binding cassette transporter); FLS (flavonol synthase); ANR (anthocyanidin reductase).

greenyellow module, 22 genes were identified as TFs or transcriptional regulators (TRs), and six of them
showed higher absolute values of kME (>-0.8), including zinc finger TFs (C2C2 and C3H), STK, SNF2, and
ARID families. In the green module, 36 genes were assigned as TFs or TRs, and 12 of them showed high
absolute values of kME (>0.8), of which two C2C2-GATA TFs and three SET TRs were in the positive kME
sets. They were all downregulated in colored flesh, whereas seven TFs, including bHLH1, C2H2, BPC,
MYB-related, HB TFs, and PHD, GNAT TRs, were all upregulated in colored flesh. In the red module, 14
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Figure 6. The expression profile of transcription factors in tuber flesh of Y, R, and P potato clones at three
developmental stages in grey60, greenyellow, royalblue, green, and red modules

The blue to red color of cells represent the log2-transformed FPKMs. “Soltu.DM.” in Gene ID was omitted for clarity. The
TFs StAN1 (Soltu.DM.10G020850) in red module and StbHLH1 (Soltu.DM.09G019660) in green module were shown in red
color. See also Table S4.

out of 42 TFs or TRs showed a high absolute value of kME (>0.8). In the positive kME sets, TFs upregulated
in white or yellow flesh of Y included a bHLH showing high expression with the Fragments Per Kilobase of
transcript per Million fragments mapped (FPKM) >100; one MADS-MIKC (AtAGL1-like) and one RWP-RK
were highly expressed with an FPKM >20 (Figure 6). The anthocyanin activator StANT was highly expressed
in tuber flesh of R and P at three stages. The HB-other TF (Soltu.DM.04G013310) displayed an overlapping
expression pattern with StAN1, but the FPKM was relatively low (between 1 and 4) (Figure 6). Thus, apart
from the reported anthocyanin-related StANT and StbHLH1 TFs, other TFs in the same module displayed
similar expression patterns to those of StAN1 and StbHLH1, thereby suggesting their potential involve-
ment in regulating the synthesis of flavonoids in potato tuber flesh.

MYBs identified that repress anthocyanin biosynthesis

The grey60 module was the main one associated with the flavonoid compounds (highest positive corre-
lation; Figure 3). Within this module, co-expressed genes were significantly enriched for “flavonoid
biosynthesis” (Figure 4B), and most of the flavonoid-related genes were classified into the module
grey60 (Figure 5 and Table S4). Thus, the genes in grey60 module were further analyzed, with results indi-
cating that 34 genes were correlated with an edge weight >0.15 (Table S6). Only two TFs—an R2R3-MYB
TF (Soltu.DM.05G004700) and an MYB-related (Soltu.DM.12G023200) TF—were included in this network,
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Figure 7. Network of correlated genes within the grey60 module and the sequence analysis of StMYB3

(A) Network was visualized by Cytoscape. The hub TFs StMYB3 and StMYBATV are shown by large circles with red arrows. The green to red color of nodes
represents the degree of connectivity, the green to red color of edges represents the weight above a threshold of 0.1.

(B and C) Phylogenetic tree and amino acid sequence alignment of StMYB3, AtMYB3, AtMYB4, PhMYB27, FaMYB1, AmMYB308, SITHM27, and PhMYB4; the
StMYB3 shares high identity with PhMYB27 and FaMYB1. A black color indicates conserved and partially conserved residues while grey and greyish white
boxes respectively show the R2 and R3 domains. The red boxes show the conserved motifs C1 and C2 in the C-terminus. The following GenBank accession
numbers are used: AmMYB308 (P81393.1), AtMYB3 (NP 564176.2), AtMYB4 (NP 195574.1), PhMYB4 (F1B281.1), SITHM27 (NP_001233975.1), FaMYB1
(AAK84064.1), PhAMYB27 (AHX24372.1), and StMYB3 (MW768000). See also Table Sé.

with kMEs of 0.92 and 0.91, respectively, and a high degree of connectivity suggesting they are the hub
genes in this module (Figure 7A). Based on phylogenetic analysis, Soltu.DM.05G004700 clustered with
AtMYB3 and AtMYB4, which belong to group 4 of the MYB proteins in Arabidopsis’®; therefore it
was annotated as StMYB3. The deduced protein of Soltu. DM.05G004700 shares high identity with
PhMYB27, FaMYB1, and AtMYB3. Two conserved domains in the C terminus of the subgroup 4
type MYB TFs, C1(L|erIDP><'I'/N HR) and C2/EAR motif (LxLxL or DLNxxP), which are required for
their repressive activity, were found in StMYB3 (Figures 7B and 7C). By BLAST analysis of
Soltu.DM.12G023200, it was completely identical with the reported StMYBATYV, which was characterized
as an anthocyanin negative regulator in potato cell culture,***° and therefore Soltu.DM.12G023200 was
annotated as StMYBATV.

The CDS of StMYB3was cloned and transformed into Nicotiana tabacum by transient Agrobacterium infiltration
assays. Based on transient color assays, it was found that anthocyanin production was not induced in tobacco
leaves after infiltration of StMYB3 alone, but an intense red pigmentation was observed following infiltration
with StAN1-R1 as an anthocyanin activator.'® Onthe other hand, co-infiltration of StAN1-R1 with StMYB3 resulted
in the absence of pigmentation after 4 days (Figure 8A). After 7 days, accumulated anthocyanin with dark red
coloration was observed in the leaf infiltrated with StAN1-R1, while very light red was seen in leaf tissue infiltrated
with combined StAN1-R1 and StMYB3 (Figure 8A). These results indicate that StMYB3 was able to suppress
anthocyanin accumulation. To further verify the suppressive ability of StMYB3 to block anthocyanin biosynthesis,
StMYB3 was infiltrated into the young leaves of transgenic tobacco that constitutively overexpresses the antho-
cyanin activator StAN1-R1. The results showed that anthocyanin accumulation was repressed in transgenic to-
bacco leaves that transiently overexpressed StMYB3 (Figure 8B).

Using cDNA of tuber flesh of R at the S3 stage, the CDS of StMYBATV was cloned. Based on phyloge-
netic analysis, it was found that StMYBATV belongs to the R3-MYB group, which included
TRICHOMELESS (TLC1), ENHANCER OF TRY AND CPC (ETC), TRIPTYCHON (TRY), AtMYBL2, and
CAPRICE (CPC) that negatively influence anthocyanin synthesis.”’ To further confirm the repressive func-
tion of StMYBATYV, it was transformed into N. tabacum by transient assays as well. The transient color
assays in tobacco leaves showed accumulated anthocyanin, with dark red observed in the leaf infiltrated
with StAN1-R1, while light red was seen in leaf tissue infiltrated with combined StAN1-R1 and StMYBATV
after 7 days of infiltration (Figure 8C).

To assess how StMYB3 and StMYBATV influenced gene expression in the anthocyanin pathway, prom-3-
StDFR, a promoter of the DFR gene in potato, was fused with the luciferase reporter.'® Co-infiltration of
StAN1-R1 with StbHLH1 activated the promoter, while co-infiltration of StMYB3 or StMYBATV inhibited
the gene activity. The repressive function of either StMYB3 or StMYBATV alone or a combination of
StMYB3 and StMYBATV showed no significant difference (Figure 8D). These results further confirmed
that StMYB3 and StMYBATV negatively regulate the synthesis of anthocyanins.

It was previously reported that in potato tubers, StAN1 acts together with StbHLH1 for regulating antho-
cyanin biosynthesis.’® The bHLH binding domain was also found in StMYB3 and StMYBATV. To further
investigate whether StMYB3 and StMYBATV interacted with StbHLH1, the StMYB3/StMYBATV and
StbHLH1 recombination vectors were constructed and used for yeast two-hybrid and BiFC assays. The re-
sults showed that on selective medium, only cells expressing both MYB repressors and the StoHLH1 factor
showed growth (Figure 8E). Via Agrobacterium-mediated transformation of Nicotiana benthamiana leaves,
the epidermal cells of StMYB3-StbHLH1 and StMYBATV-StbHLH1 combinations in N. benthamiana dis-
played fluorescence signals (Figure 8F).The result suggests that both repressors StMYB3 and StMYBATV
can inhibit the synthesis of anthocyanin by interacting with StbHLH1 to compete with anthocyanin activator
StAN1during tuber development (Figure 9).
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Figure 8. Functional analysis of the potato StMYB3 and StMYBATV TFs

(A) Infiltration with StMYB3 only, a combination of StAN1-R1 and StMYB3 or a combination of StAN1-R1 with an empty vector (EV) was carried out on the
upper left side, on the lower left side and on the right side of a tobacco leaf respectively; Pictures were taken four days (i) and seven days after infiltration (ii).
(B) Transgenic tobacco constitutively overexpressing StAN1-R1 was used to transiently overexpress StMYB3 (right side of the tobacco leaf) and EV was used
as control (left side of the tobacco leaf), the infiltrated tissues were indicated by white arrow.

(C) Co-infiltration of StAN1-R1 and StMYB3 (left side of tobacco leaf) and StAN1-R1 (right side of the tobacco leaf).

(D) StMYBATV and StMYB3 prevent the activation of the promoter StDFR-LUC, by co-filtration with StAN-R1 and StbHLH1 using dual luciferase assay. Error
bars (SE) are provided for four biological replicates. Data are represented as mean + SE. One-way ANOVA was used to determine the statistical significance
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Figure 8. Continued

of results, with means compared by Least Significant Difference (LSD) to identify significant differences at p < 0.05. Different letters (a, b, ¢, etc.) above
the bar indicate significantly different means.

(E) StbHLH interacts with StMYB3 and StMYBATV in yeast. Yeast cells were grown on -2SD (-Leu-Trp) or -4SD (-Ade-His-Leu-Trp) medium.

(F) Bimolecular fluorescence complementation assays show the interactions between StMYB3/StMYBATV and StbHLH1 proteins in epidermal cells of

N. benthamiana, respectively. (i) Positive and negative controls. (i) The interaction between StMYB3 and StbHLH1 proteins. (iii) The interaction between
StMYBATV and StbHLH1 proteins. Scale bars, 20 uM.

qRT-PCR and RNA-seq datasets correlations

The RNA sequencing (RNA-seq) expression profile was validated by gPCR using gene-specific primers of
eight differentially expressed structural genes and TFs. The results showed that despite variations between
RNA-seq data and gPCR results in terms of relative expression of selected genes, linear regression analysis
(y = 0.9782x —0.3605) suggested a high correlation (R? = 0.8838), thus highlighting that the two analytical
methods were consistent (Figure S5).

DISCUSSION

Anthocyanins are responsible for the red to purple pigmentation of potatoes, which is attractive to
consumers. They not only confer resistance against biotic and abiotic stresses but also offer potential
health benefits to humans, with some examples being intervention in several chronic diseases and protec-
tion against cardiovascular diseases as well as some cancers."*? As a result, flavonoid production in colored
potatoes has attracted increased interest, especially for understanding the underlying regulatory mecha-
nism. The regulatory network involved in sprout pigmentation from three colored potato cultivars has been
investigated based on integrated analysis of transcriptome and metabolome, and 119 genes that strongly
correlated with 22 anthocyanins in sprouts were identified.’” In our current study, metabolomic and
transcriptomic differences among potato tubers of three different colored potato clones at three develop-
mental stages were comprehensively analzyed, seeking to identify candidate genes that may be involved in
flavonoid biosynthesis in potato tuber during tuber development phases.

Based on WGCNA analysis, three modules (greyé0, greenyellow, and royalblue) were identified to be
positively correlated with flavonoid biosynthesis and further analyzed, whereas several other modules
were found to have a negative correlation with flavonoid biosynthesis. There were 118 genes in
greyb0, which showed a higher correlation (r? > 0.9) with Pg derivatives in the anthocyanin class; apige-
nin, luteolin, eriodictyol derivatives, and isosaponarin in the flavone class; and dihydrokaempferol,
kaempferol, Quercetin-3-O-a-L-rhamnopyranoside, (—)-epiafzelechin, afzelechin, and phloretin 2'-O-
glucoside in the flavonol and flavan-3-ol classes. In grey60, we found 13 kinds of biosynthetic pathway
genes, such as two PALs, two CHSs, two CHls, one F3H, one ANS, one AOMT, one UFGT, two GSTs,
and one MATE. One ATPase and two ABC transporters had the highest expression levels in the red flesh
of R, as well as increased expression levels in purple flesh of P at three stages, suggesting they are more
likely to be responsible for the red pigmentation (Pg derivatives) and other flavonoid compound biosyn-
thesis mentioned above. The identified FLS and ANR showed very low expression in the red flesh of R, at
the S3 stage (FPKM 1 and 3-5, respectively), suggesting other candidate genes were involved because
high accumulations of kaempferol, (—)-epiafzelechin, and afzelechin were detected in red flesh (Figure 2
and Table 1).

The transcriptional control of genes within the anthocyanin pathway by the MBW complex as well as the
latter’s influence on anthocyanin production and distribution has been widely studied.'*** The MBW com-
plex is encoded by the TFs StAN1, StbHLH1, and StWD40 in potato tubers and leaves. /184154

StAN1 is the key regulatory gene regulating anthocyanin production in potatoes. However, diagnostic
markers generated for functioning StAN1 alleles (StAN1-777 and StAN1-816) cannot be used to predict
potato pigmentation variations successfully. The StAN1 promoter sequence organization is likely critical
for anthocyanin synthesis control, necessitating the creation of additional diagnostic markers.>® Increased
expression of StAN1-like and PAL was associated with deeper colors of the potato, with StANT-like being
predominantly expressed in potato tubers, stems, and roots; its expression was however dramatically
enhanced in Purple Meigui 2 and Red Meigui 3 potato tubers.”®>’ The anthocyanin activator StAN1
was assigned to the red module with a negative relationship (kME > - 0.8). Interestingly, high expression
of StANT was observed in white/yellow flesh and colored flesh of R and P at three stages. The
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Figure 9. Schematic diagram of the anthocyanin regulation network in potato tuber flesh

(A) In red clone R, the R2R3-MYB activator—StAN1—was activated at S1 stage, the bHLH1 was activated at S3 stage and
combined with StAN1 to activate the expression of the anthocyanin biosynthesis genes. Feedback inhibition is provided
by an R2R3-MYB repressor StMYB3 and an R3-MYB repressor StMYBATV, which were also activated at S3 stage and inhibit
gene expression (such as DFR) by combining with bHLH1 to prevent the synthesis of anthocyanins. MBS indicates MYB-
binding sites.

(B) In yellow clone Y, TFs StAN1, StbHLH1, StMYB3, and StMYBATV were not activated at three stages.

anthocyanin pathway genes F3'5H, DFR, and TF StbHLH1 were classified into the green module with a
negative elationship (absolute kME >0.88); they were highly expressed in all colored flesh and present
in the highest expression in purple flesh of P at S3, which, combined with their relationship with antho-
cyanin metabolite analysis, suggest the two pathway genes and StbHLH1 may be crucial for regulating
late biosynthetic genes (LBGs) to affect anthocyanin biosynthesis, by regulating the flux through pur-
ple-blue delphinidin.

Soltu.DM.10G025870, annotated as serine/threonine-protein kinase SRPK3 by the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database, showed a high correlation with StANT in this module (with edge
weight >0.15). It has been reported that, as a plant-specific serine/threonine protein kinase, the sucrose
non-fermenting 1-related kinase (SnRK) is involved in abscisic acid (ABA)-dependent and ABA-indepen-
dent signaling pathways that regulate plant adaptation to abiotic stress®; the relationship between
ABA and flavonoid biosynthesis in potato tuber is worthy of further investigation.

The MBW complex is reported to be sensitive to feedback repression by MYB repressors.”” FaMYB1,
the first anthocyanin-related R2R3-MYB repressor was identified in strawberry. Although it is highly ex-
pressed during the red ripening stages of the fruit, it may actually repress transcription during later
fruit maturation stages to balance anthocyanin content.’” A conserved network of transcriptional acti-
vators (DPL, PHZ, and AN1) and repressors (MYB27 and MYBXx) regulate anthocyanin pigmentation in
eudicots. PAMYB27 is orthologous to FaMYB1 and was shown to be repressed under bright light but
highly expressed under shaded conditions. Furthermore, being part of the MBW complex, it acts on
PhAN1 as well as genes involved in anthocyanin biosynthesis through its C-terminal EAR motif,
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thereby suppressing transcription. PhAN1 is also targeted PhMYBx, competitive R3-MYB repressor
which inhibits PhAN1 activity; overall, the ability of the MBW complex to inhibit and activate
PhAN1, PhMYB27, and PhMYBx provides both reinforcement and feedback regulation.w'm Similarly,
in tomato, the R3-MYB repressor SIMYBL2 was significantly upregulated in Pro35S: BrTT8 seedlings
by the MBW complex itself under high light. However, at the same time, it could also bind compet-
itively with the MYB interaction domain of BrTT8 to inhibit anthocyanin biosynthesis, leading to
restricted anthocyanin production.®’

Identification of these repressors and elucidation of the network of activators and repressors regulating
the synthesis of flavonoids in other plant species have raised renewed interest. In our work, StMYB3 and
StMYBATYV were identified as highly correlated with flavonoid accumulation, and they are the ortholo-
gous genes of PAMYB27 and PhMYBx. It was assumed that they may act in the negative feedback regu-
lation mechanism on anthocyanin biosynthesis as it is the case for PAMYB27 and PhMYBx.>? StMYB3 and
StMYBATV are highly expressed at the tuber pigmentation stage (Figure 6); this is consistent with what
was observed for MYB repressors involved in anthocyanin biosynthesis in other species. In contrast, while
potato white skin displays high expression of StMYB113, StMYBA1, and StANT1, the bHLH partners’
expression levels appeared to be constrained, thus indicating that bHLHs could be critical for regulating
the synthesis of anthocyanins in potato.”” We hypothesize that StMYB3 and StMYBATV could form com-
plexes with StbHLH1 to prevent the MBW complex from being formed, thus preventing it from interact-
ing with the R2R3-MYB activator, leading to restricted anthocyanin production (Figure 9). This hypothesis
is in line with our results that the interaction of StMYB3 and StMYBATV with the anthocyanin promoting
StbHLH1, the inhibition of anthocyanin production in tobacco (N. tabacum), and the inhibition of DFR
promotor activation in Nicotiana benthemiana leaves where StMYB3, StMYBATV, and StAN1 with
StbHLH1 were transiently co-expressed (Figure 8). The StMYB3 and StMYBATV may be activated by
the MBW complex itself and/or other unknown proteins under certain developmental stages. There
was no significant difference of StAN1 expression in the flesh of R at three stages, but the StbHLHT tran-
script was significantly higher in red flesh of R at the S3 stage than that in yellow flesh of R at the S2 stage,
suggesting StMYB3 and StMYBATV might be activated by StbHLH1 or other unknown proteins, rather
than StAN1, which requires further investigation.

In conclusion, we explored the regulatory network connected to flavonoid biosynthesis using targeted
metabolome and transcriptome analysis in different potato clones during development. Five modules
were identified that positively or negatively correlated with flavonoid accumulation. The provided candi-
date genes for potato anthocyanin, flavone, and flavonol accumulation can guide future functional studies.
Two MYB repressors involved in flavonoid biosynthesis during potato tuber pigmentation were functionally
identified, suggesting a feedback regulatory mechanism underlying the biosynthesis of flavonoid accumu-
lation in colored potatoes during tuber development.

Limitations of the study

This work revealed a dynamic regulatory mechanism of potato tuber pigmentation: (1) a total of 72 fla-
vonoids were identified in pigmented flesh; (2) the candidate genes that positively or negatively regulate
flavonoid biosynthesis were identified based on WGCNA analysis; (3) two MYB repressors (an R2R3-MYB
StMYB3 and an R3-MYB StMYBATV) were determined engaged in feedback regulatory mechanisms.
Although the function and regulatory mechanism of StMYB3 and StMYBATV on anthocyanin biosynthesis
have been preliminarily determined based on yeast two-hybrid assay, transient assay, and BiFC assay,
further verification of their function in potato tuber via stable genetic transformation of potato using
overexpression, RNAI, and CRISPR/Cas9 systems is needed. The detailed mechanism needs to be further
explored.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Agrobacterium tumefaciens strains GV3101 Shanghai Weidi Biotechnology AC1030S
Biological samples

Solanum tuberosum genotypes : CIP 302281.17, This study N/A

CIP 302281.25, CIP 302281.15

Critical commercial assays

PureLink Plant RNA Reagent Kit Invitrogen CAT#12183018A
Platinum Tagq DNA Polymerase High Fidelity Invitrogen CAT#10966018
SuperReal Pre-Mix Plus TIANGEN CAT#FP205
Dual-Luciferase Reporter Assay System Promega CAT#E1910
Deposited data

KEGG database KEGG https://www.genome.jp/kegg/pathway.html
Raw Data for RNA-seq This study GenBank: PRINA782081
Oligonucleotides

Gene specific primers for gRT-PCR analysis This study N/A

and full length cloning, see Table S1

Recombinant DNA

pNC-Cam2304-MCS35S (Yan et al., 2019)** N/A

pGreenll 0800-LUC-prom-3-StDFR (Liu et al., 2016)"® N/A
pSAK277-StAN1-R1 (Liu et al., 2016)"® N/A
PSAK277-StbHLH1 (Liu et al., 2016)"® N/A
pNC-Cam2304-MCS35S-MYBATV This study N/A
pNC-Cam2304-MCS35S5-MYB3 This study N/A
pNC-GADT7 (AD-EV, AD-StAN1, This study N/A
AD-StMYB3, and AD-StMYBATV)

pNC-GBKT7 (BD-StbHLH1) This study N/A
pNC-BiFC-Enn-(StAN1/5tMYB3/StMYBATV) This study N/A
pNC-BiFC-Ecn-StbHLH1 This study N/A

Software and algorithms

Rv3.6.3
DESeqg2 v1.34.0

R Core Team 2020
(Love et al., 2014)*

https://www.r-project.org/
https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

TBtools (Chen et al., 2020)°° https://github.com/CJ-Chen/TBtools
Cytoscape (Shannon et al., 2003)*® https://cytoscape.org
Other

CFX96 Touch Real-Time PCR Detection System
HiSeq 4000 Sequencing System
UPLC-ESI-MS/MS

Bio-Rad
Metware Biotechnology

Metware Biotechnology

CFX96
N/A
N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact Jiangping Bai (baijp@gsau.edu.cn).
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Materials availability

Plasmids generated in this study are available from the lead contact upon request.

Data and code availability

The datasets generated in this study have been deposited in the Sequence Read Archive (SRA), the acces-
sion number is listed in the key resources table.Other data supporting our findings are available within the
paper and its Supplementary Information files.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant material and sampling

Three potato clones (yellow clone — CIP 302281.17, red clone — CIP 302281.25, and purple clone — CIP
302281.15) derived from the same parentage were acquired from Hebei North University and grown in field
conditions at Dingxi Academy of Agricultural Science, Gansu Province. The dominant flesh color of the
yellow clone transformed from white to pale yellow and then to yellow over development. On the other
hand, the red and purple clones, changed from white/pale yellow/red to pale purple/purple/dark purple
during the three developmental stages. These were abbreviated to Y, R, and P. The tuber flesh of the three
potato clones was collected at the tuberization stage (S1), tuber bulking stage (S2), and tuber maturation
stage (S3) (100, 130, 170 days after sowing). The flesh tissue inside the vascular ring of five tubers was
collected from each potato clone and at each time point before being pooled, with samples collected
from three individual plants used as three biological replicates. After collection, liquid nitrogen was
used to immediately freeze samples prior to storage at —80°C.

METHOD DETAILS

Widely targeted metabolic profiling and data analysis

Sample preparation and extraction

Metabolomic analyses were carried out by Metware Biotechnology Co., Ltd (Wuhan, China), as described
before.“*’ In brief, after freeze-drying (Scientz - 100F, Scientz, China), each potato tuber was ground into
powder at 30 Hz and for 1.5 min with the help of a mixer mill (MM 400, Retsch, Germany) containing zirconia
beads. The resulting powder (100 mg) was dissolved in 1.2 mL of 70% aqueous methanol, vortexed six times
(once every half an hour for 30 s) and stored overnight at 4°C. This was followed by centrifugation for 10 min
at 12000 rpm and after filtration (SCAA-104, 0.22 um pore size; ANPEL, Shanghai, China), samples were
analyzed by UPLC-MS/MS.

UPLC condlitions

For sample analysis with an UPLC-ESI-MS/MS system (UPLC, SHIMADZU NexeraX2; MS, Applied Bio-
systems 4500 Q TRAP), an Agilent SB-C18 column (1.8 um, 2.1 mm*100 mm) was used, with mobile phases
A and B consisting of pure water with 0.1% of formic acid and acetonitrile with 0.1% of formic acid (v/v)
respectively. A temperature of 40°C, a flow rate of 0.35 mL/min as well as an injection volume of 4 uL
were also selected as additional parameters. A gradient elution was applied, starting with 95% of A and
5% of B. Within 9 min, 5% of A and 95% of B was selected as a linear gradient and maintained for 1min
before switching to 95% of A and 5% of B within 1.1 min. This final gradient was maintained for 2.9 min.
Analysis of eluted samples was subsequently performed with an ESI-triple quadrupole-linear ion trap
(QTRAP) - MS.

ESI-Q TRAP-MS/MS

A triple quadruple-linear ion trap mass spectrometer (QTRAP, AB4500 Q TRAP UPLC/MS/MS System) to
which an ESI Turbo lon-Spray interface was connected, was used to acquire linear ion trap (LIT) and triple
quadruple (QQQ) scans. The spray, controlled by the Analyst 1.6.3 software (ABSciex), was operated in pos-
itive and negative ion modes and under the following conditions: a source temperature of 550°C; turbo
spray; ion source; a high collisionally-activated dissociation (CAD); pressures of 25, 50 and 60 psi for curtain
gas (CUR) as well as ion source gases | (GSI) and Il (GSII), respectively; an ion spray voltage (IS) of 5500V and
—4500V for positive ion and negative ion modes respectively. Mass calibration and instrument tuning was
carried out with polypropylene glycol solutions at concentrations of 10 and 100 pmol/L in QQQ and LIT
modes respectively. QQQ scans were acquired as multiple reaction monitoring (MRM) experiments with
nitrogen, as the collision gas, set to medium. Collision energy (CE) and Declustering potential (DP) for
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individual MRM transitions was done after additional optimization of CE and DP. A specific set of MRM tran-
sitions was monitored for each period depending on the eluents within this period.

Metabolomics analysis

As described in other studies, the metabolic profile was determined using the self-built database MWDB
(Metware biotechnology Co., Ltd. Wuhan, China).®>*” MS data were qualitatively analyzed by comparing
fragmentation patterns, retention times (RTs) as well as precursor ion (Q1) and production (Q3) values
with the results obtained when using standards (Sigma-Aldrich,USA) under the same conditions. Moreover,
the MRM mode was used for quantifying metabolites. For this purpose, signal strengths were first acquired
by screening the ions for each metabolite through QQQ MS, with the area under chromatographic peaks
subsequently indicating relative metabolite content. In addition, metabolites that were differentially pro-
duced between samples were screened and quantified using metaX software (http://metax.genomics.cn/),
with an absolute log,FC (fold change) > 1 and a VIP (variable importance in project) value > 1 selected as
thresholds for classifying metabolites as being differentially regulated between groups. VIP values were
extracted from OPLS-DA result, which also include permutation plots and score plots, was obtained by us-
ing R package MetaboAnalystR. For the identified metabolites, principal component analysis (PCA) and
orthogonal partial least squares discriminant analysis (OPLS-DA) were then performed in R (www.r-
project.org/) before mapping these diffierential metabolites onto the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (http://www.kegg.jp/kegg/pathway.html). All experiments were carried out
with triplicate samples.

RNA extraction, library construction and sequencing

The PureLink Plant RNA Reagent Kit (Invitrogen, USA) was used as specified by the manufacturer for total
RNA extraction from the tuber flesh of three potato clones at three developmental stages. RNA quality and
quantity were then determined by electrophoresis (1% agarose gel) as well as with a Nanodrop ND-1000
spectrophotometer (Nanodrop Technologies, USA) and a Qubit 2.0 Fluorometer (Life Technologies,
USA). Using the RNA Nano 6000 Assay Kit, the integrity of the extracted RNA was also assessed on an Agi-
lent Bioanalyzer 2100 (Agilent Technologies, USA).

Messenger RNAs (mRNAs), purified from the total RNA with the help of a Dynabeads mRNA Purification Kit
(Invitrogen, USA), were fragmented before using random hexamer primers to synthesize a first cDNA
strand by reverse-transciption. This was followd by the synthesis of a second strand using DNA Polymerase
I, INTPs and buffer. Double-stranded cDNAs, purified with AMPure XP beads, were repaired at the ends,
poly-A-tails as well as adaptors were ligated, and fragment size selection was carried out through AMPure
XP beads. Finally, cDNA libraries were generated by PCR enrichment prior to sequencing on an lllumina
HiSeq platform by MetWare Biotechnology Co. Ltd (Wuhan, China).

Analysis of RNA-seq data

Adapter sequences, reads of low quality (Q < 20) and those with ambiguous bases (multiple “N") were
removed to obtain clean raw reads which were subsequently used for alignment with PGSC_DM_vé.1
gene models available at Solanaceae Genomics Resource at Michigan State University (http://
solanaceae.plantbiology.msu.edu/pgsc_download.shtml)®® using HISAT2 (v2.0.1). DESeq2 was then
used for analyzing differentially expressed genes (DEGs) between two samples based on the raw counts,
with an absolute value of log,FC (log; fold change) > 1 and a false discovery rate (FDR) < 0.05 selected
as thresholds to consider genes as being diffierentially expressed.®® DEGs were then annotated against
NR (Non-Redundant Protein Sequence Database), SwissProt/UniProt Plant Proteins, COG/KOG (Cluster
of Orthologous Groups of proteins), Gene Ontology (GO) and KEGG. In this case, after enrichment anal-
ysis, p values <0.05 were taken as indicative of significantly enriched KEGG pathways and GO functions.
The heatmap of gene expression profile was visualized by TBtools software.®

Module construction by analyzing co-expression networks

The “weighted gene co-expression network analysis (WGCNA)” package in R** was used and it allowed
20110 genes, with Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values >2, to
be identified from the 27 samples used for performing the co-expression network analysis. The eigengene
values were calculated for each module to identify associated links with flavonoid compounds, with visual-
ization of the interaction network conducted with Cytoscape v3.7.1 *.

26 iScience 26, 105903, February 17, 2023

iScience


http://metax.genomics.cn/
http://www.r-project.org/
http://www.r-project.org/
http://www.kegg.jp/kegg/pathway.html
http://solanaceae.plantbiology.msu.edu/pgsc_download.shtml
http://solanaceae.plantbiology.msu.edu/pgsc_download.shtml

iScience

Construction of expression vectors

The whole coding sequences of StMYB3 (Soltu.DM.05G004700) and StMYBATV (Soltu.DM.12G023200) were
amplified using cDNAs as templates, which was obtained from the red flesh of R at the S3 stage as well as the
following two pairs of designed primers: MYB3F: 5'- ATGAGAAAGCCTTGTTGTGATAACA-3', MYB3R: 5'-
CTATGGAAGTGAATTGAGATCAAGCAA-3"; MYBATVF: 5- ATGGCTGATTTGGATAGTTCAAGCA-3, MY
BATVR: 5- TTATTGGCTGGTGGAATTTCTTGAGT-3'. Gene amplification was achieved by PCR using Platinum
Tag DNA Polymerase High Fidelity (Invitrogen, USA), with full-length fragments of both genes cloned into the
plant expression vector pNC-Cam2304-MCS35S by nimble cloning.®

Transient assays to assess gene functions

Transient or dual-luciferase assays, were carried out in tobacco (N. benthamiana or N. tabacum).®”’° For
this assay, four different vectors were used: a pSAK277 vector containing StAN1-R1 and StbHLH1,"® the
pNC-Cam2304-MCS35S vector with StMYB3 and StMYBATV being under the control of the CaMV 35S
promoter, a pGreenll 0800-LUC vector containing prom-3-StDFR, a promoter of the DFR gene in po-
tato'? and an empty vector which acted as the control. Agrobacterium tumefaciens strains GV3101
were then transformed with each of the above contructs. Agrobacterium cultures containing the reporter
cassette and cassettes containing StMYB3/StMYBATV, StAN1-R1 and StbHLH1 were mixed with a ratio of
1:3:3:3 for infiltration experiments. N. benthamiana plants were grown in greenhouse until four to six
leaves were available for infiltration with Agrobacterium. Approximately 300 uL of Agrobacterium culture
containing genes of interest was infiltrated into a young leaf. At three days post infiltration, leaf discs
were placed into a 96-well-plate containing 50 uL of PBS (PBS) with 4 replicates from each plant. LUC
and REN activities were measured with a Varioskan Flash Multimode Microplate Reader (Thermo Fisher
Scientific, USA).

In order to determine the functions of StMYB3 and StMYBATV, a separate color assay was performed using
two-week-old seedlings of N. tabacum. Young leaves of the seedlings were injected with activated Agro-
bacterium cultures (ODgoo = 0.8-1) consisting of either a mixture of equivalent doses of StAN1-R1 and
StMYB3/StMYBATYV, or StMYB3, StMYBATYV alone. Meanwhile, Agrobacterium cultures containing StMYB3
and empty vector were agroinfiltrated in fully expanded leaves of 2-week-old transgenic N. tabacum plants
overexpressing the activator StANT-R1 as previously obtained (Liu et al.'®). Photographs were taken seven
days after the infiltration process.

Yeast two-hybrid assays

Full-length StAN1, StMYB3, and StMYBATV were cloned into pNC-GADT7, and StbHLH1 was cloned into
pNC-GBKT7. The combination of the indicated pNC-GADT7 (AD-EV, AD-StAN1, AD-StMYB3, and AD-
StMYBATV) constructs with pNC-GBKT7 (BD-StbHLH1) was co-transformed into the AH109 yeast strain,
and yeast cells were grown on -2SD (-Leu-Trp) medium for 5 days at 30°C. Transformed colonies were
plated onto -4SD (-Leu-Trp-His-Ade) medium and grown at 30°C for 5 days to test the possible interactions.
The plasmid combination of AD-StANT and BD-StbHLH1 was the positive control.

Bimolecular fluorescence complementation (BiFC) assays

In order to investigate planta interactions, BiFC assays were used to build constructs in the pNC-BiFC-
Enn and pNC-BiFC-Ecn vectors.”” The OFR of StANT, StMYB3, StMYBATV were cloned into pNC-BiFC-
Enn, and the StbHLH1 was cloned into pNC-BiFC-Ecn. Electroporation was performed to transform these
constructs into the Agrobacterium GV3101 strain (Primers list for plasmid synthesis in Table S1). Mixed
Agrobacterium strains were used for infiltrating N. benthamiana leaves, with fluorescence signals de-
tected at 488 nm using a confocal laser-scanning microscope (LSCM 800, Carl Zeiss, Germany) 48 h after
infiltration.

Quantitative analysis of gene expression

For qRT-PCR analysis, eight genes related to tuber color were selected, with the primers listed in Table S1
and StEF-Ta (AB061263) selected as a reference gene for template normalization.”! SuperReal Pre-Mix Plus
(SYBRGreen FP205; Tiangen, Beijing, China) was used as specified by the manufacturer and gPCR reactions
were performed as follows: initial denaturation at 95°C for 15 min, followed by 40 cycles, each with dena-
turation at 95°C for 10 s and annealing at 60°C for 30 s. Finally, melting curve analysis was carried out in a
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temperature range of 65-95°C. The standard curve of a cDNA serial dilution analyzed the gPCR efficiency.
The quantitative data were calculated from triplicate samples using the comparative Ct (2724 €% method.

QUANTIFICATION AND STATISTICAL ANALYSIS

In the case of gPCR and dual luciferase promoter activation assays, data from four biological replicates
were provided as means (4 Standard Errors). Means were compared by one-way ANOVA and differences
were tested for statistical significance using the least significant difference (LSD) at 5% significance level.
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