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Anthocyanins are key pigments of plants, providing color to
flowers, fruit, and foliage and helping to counter the harmful
effects of environmental stresses. It is generally assumed that
anthocyanin biosynthesis arose during the evolutionary transition
of plants from aquatic to land environments. Liverworts, which
may be the closest living relatives to the first land plants, have
been reported to produce red cell wall-bound riccionidin pigments
in response to stresses such as UV-B light, drought, and nutrient
deprivation, and these have been proposed to correspond to the
first anthocyanidins present in early land plant ancestors. Taking
advantage of the liverwort model speciesMarchantia polymorpha,
we show that the red pigments of Marchantia are formed by a
phenylpropanoid biosynthetic branch distinct from that leading to
anthocyanins. They constitute a previously unreported flavonoid
class, for which we propose the name “auronidin,” with similar
colors as anthocyanin but different chemistry, including strong
fluorescence. Auronidins might contribute to the remarkable abil-
ity of liverworts to survive in extreme environments on land, and
their discovery calls into question the possible pigment status of
the first land plants.
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The flavonoid pathway is thought to be unique to land plants.
It is hypothesized to have arisen when plants were first

colonizing the land, as an adaptation to cope with the addi-
tional abiotic stresses faced from a terrestrial lifestyle (1–4).
Both seed plants and basal land plant groups produce a variety
of flavonoid types, reflecting adaptations of the biosynthetic
pathway during evolution to facilitate colonization of the wide
range of environments that plants now occupy (2, 4, 5). How-
ever, although more than 8,000 individual flavonoid structures
have been characterized (6), the great majority belong to a
small number of major flavonoid classes. All land plants studied
to date, including the liverworts, considered the probable basal
plant group, produce nearly colorless, vacuolar-located flavone
or flavonol glycosides, which absorb UV light and are impor-
tant for ameliorating the damaging effects of UV-B radiation
(1, 7–12). Seed plants also produce a variety of vacuolar-
located anthocyanidin glycosides (anthocyanins) (13) that pro-
vide the majority of water-soluble plant colors, ranging from
orange to blue.
Anthocyanins have various functions in plant–environment

interactions; they aid pollination and seed dispersal through
coloration of flowers and fruit and are also thought to help
plants cope with different abiotic stresses (3, 14, 15). The
flavonoid pigments of basal land plant groups have not been
extensively characterized (16), but liverworts, in response to
abiotic stresses, produce red nonglycosylated cell wall-bound
riccionidin pigments that are proposed to be early evolved
anthocyanidin forms (13, 17–19). The flavonoid biosynthetic
pathway to flavones and flavonols, which is part of the larger
phenylpropanoid pathway, appears to be conserved across land

plants (17, 20). Anthocyanins share the same initial biosynthetic
steps as flavones/flavonols but require additional enzymatic steps
that are well defined in seed plants but not in nonseed plants.
It is assumed that the branches of the flavonoid biosynthetic
pathway that lead to flavones/flavonols and anthocyanins arose
during the evolutionary transition of plants from aquatic to land
environments (1, 3, 7–9).
Regulation of flavonoid production has been extensively

characterized in angiosperms, with R2R3MYB and bHLH
family transcription factors found to be the key regulators (21–
23). It was recently reported that an R2R3MYB transcription
factor, MpMYB14, activates flavonoid biosynthesis in the model
liverwort Marchantia polymorpha (17, 24). Transgenic March-
antia plants overexpressing MYB14 under the 35SCaMV gene
promoter display strong activation of the flavonoid pathway (17,
24), yielding greatly increased amounts of flavone O-glycosides
and a red pigment (2) assumed to be cell wall-bound riccionidin
(18). Using theMarchantia model system (25), we show here that
the red pigments are formed by a flavonoid biosynthetic branch
distinct from that leading to anthocyanins and representing a
previously unreported pigment class that raises questions about
our current understanding of flavonoid pathway evolution.

Significance

Anthocyanins are flavonoid plant pigments that may be im-
portant for coping with environmental stresses, such as high
light, drought, and nutrient deprivation. It has been thought
that anthocyanin biosynthesis arose when land plants evolved
approximately 450 million y ago, and extant basal plants
groups, such as liverworts, have been reported to have
“primitive” anthocyanins bound to their cell walls. How-
ever, here we report that the red pigments of the liverwort
Marchantia are not anthocyanins, but rather a unique class of
phenylpropanoids, for which we propose the name “auronidins.”
Auronidins have similar colors as anthocyanins but distinct
biosynthesis and color properties, and they may contribute to
the remarkable ability of liverwort to survive in extreme
environments.
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Results
In addition to the water-insoluble pigment bound to the cell wall,
the 35S:MYB14 Marchantia plants also produce a water-soluble
reddish pigment (1) in considerable amounts, previously only
barely detectable in wild-type (WT) plants (17). We took ad-
vantage of these transgenic plants to obtain sufficient quantities
of the 2 pigments for isolation and full structural analysis. After
preparation of pure compounds, their structures were de-
termined to be 2,3,6,8-tetrahydroxybenzofuro[3,2-b]chromen-5-
ium-6-O-(2-O-α-rhamnopyranosyl-β-glucopyranoside) (termed
auronidin 4-neohesperidoside) (1) and its aglycone (2), using
various 1D and 2D NMR experiments (Fig. 1 and SI Appendix,
Table S1). The high-resolution electrospray ionization mass
spectrum of 1 showed a molecular ion at m/z 593.15099 corre-
sponding to the empirical formula C27H29O15

+ (calc. 593.15064),
in agreement with the predicted structure based on NMR.
During the elucidation, we recognized that the 2 pigments rep-
resented a pigment class distinct from anthocyanidins but prob-
ably also derived from the flavonoid pathway. Therefore, we
propose the term “auronidin” for this reddish class to reflect its
structural resemblance to aurones and anthocyanidins and
common color properties with anthocyanidins. Thus, these pig-
ments are auronidin 4-O-neohesperidoside (1) and its aglycone,

auronidin (2). Accordingly, riccionidin A is not an anthocyanidin,
although it has been previously characterized as such (17–
19, 24).
The auronidin 4-glycoside (1) and its aglycone (2) have the

basic structure of an aurone plus a pyrylium ring (D-ring) similar
to the C-ring of the flavylium cationic form of anthocyanidins
(Fig. 2A). The conjugation within these rings enables them to
facilitate orange through red to magenta colors not far from the
color nuances of many anthocyanins (Fig. 2B), in contrast to the
more yellow colors (λmax 370 to 400 nm) reported for most
aurones. However, we observed that the color palette expressed
by auronidin 4-glycoside when exposed to different pH envi-
ronments and solvents was based on various proportions of the
auronidin and its anionic form in a simple acid-base equilibrium
(Fig. 3 A and B). This is in contrast to what is observed for an-
thocyanins, which display a similar but more extended color
palette based on various proportions of individual structural
forms (chalcones, hemiketals, flavylium, and quinoidal forms)
with different colors. The auronidins can be added, alongside
anthocyanins, as a flavonoid class that provides coloration to
plants suitable for screening in the visible part of the light
spectrum but based on distinct chemical expression. In addition,
the auronidins 1 and 2 showed strong fluorescence (Fig. 3 C and
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Fig. 1. Selected NMR information from various 1D and 2D NMR spectra used for structural elucidation of auronidin 4-neohesperidoside (1). The main annotated
spectrum (1H-13C heteronuclear single quantum coherence [HSQC]) shows 1JCH cross-peaks representing the carbon atoms, which are directly connected to hydrogen
atoms. The gray arrows in the included structure show selected long-range 1H-to-13C bonding correlations observed as cross-peaks in the heteronuclear multiple
bond correlation spectrum,while the 2-sided pink arrows represent 1H-to-1H through-space neighborships observed as cross-peaks in the rotating frameOverhauser
spectroscopy spectrum. The 1H NMR spectrum is shown on top and the 13C projection of the HSQC spectrum on the left. Pigment 1 is dissolved in CD3OD–CF3CO2D
(95:5, vol/vol), and the NMR spectra are recorded at 25 °C. SI Appendix, Table S1 provides the chemical shift values for the proton and carbon atoms.
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D) at wavelengths that may provide opportunities for new
chemistry-based practical applications, for example, as chemo-
sensors in dye-sensitized solar cells (26) or in the base compound
of a line of pharmaceutical derivatives (27).
We observed that the hydroxyl substitution pattern of riccionidin

A (2) reported as an anthocyanidin (18) did not fit with the
standard pattern of anthocyanidins, where the A-ring is derived
from the acetate/malonate pathway and the B- and C-rings from

the shikimate/phenylalanine pathway. However, this pattern of
hydroxyls would be obtained if ring closure occurred between
the B- and C-rings of an aurone with 4,6,3′,4′-hydroxylation
(4,6,3′,4′-tetrahydroxyaurone, termed aureusidin). In this case,
the oxygenation pattern of the A-ring is in accordance with
condensation of 3 acetate units, and the B-, C- and D-rings fit
with the oxygenation pattern of their C9 skeleton coming from
the shikimate/phenylalanine pathway (Fig. 2A). Marchantia has
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Fig. 2. Proposed biosynthetic relationships among aurones, auronidins, and anthocyanidins and comparison of the UV/visible-light spectra of corresponding
glycosides. (A) Marchantia plants with a knockout mutation of the single chi gene showed no detectable flavones but were unaltered in auronidin production
comparedwithWT plants. Plants with a knockout mutation of the candidate ppo aurone biosynthetic gene showed reduced auronidin content but were unaltered
in flavone production. (B) Structures and corresponding UV/visible-light spectra recorded in acidified methanol of an aurone, aureusidin 4-glucoside (3) (λmax =
402 nm); an auronidin, auronidin 4-neohesperidoside (1) (λmax = 495 nm); and an anthocyanin, cyanidin 3-glucoside (4) (λmax = 529 nm).
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been shown to produce aureusidin 6-O-glucuronide during the
reproductive phase (28) and thus possesses the biosynthetic route
to the proposed substrate for auronidin formation. Thus, a bio-
synthetic route to 1 and 2 via aurones was theorized (Fig. 2A and
SI Appendix, Fig. S1). In this case, the biosynthetic pathway to
auronidins and anthocyanins is common through the early steps of
the phenylpropanoid pathway (phenylalanine ammonia lyase
[PAL], cinnamate 4-hydroxylase, and 4-coumaroyl CoA ligase) and
the first steps of the flavonoid specific branch that result in the
formation of chalcones (chalcone synthase [CHS] and chalcone
isomerase-like [CHIL]). However, the pathways to each com-
pound from chalcones then diverge. The enzyme chalcone isom-
erase (CHI) that conducts the second committed step of flavonoid
biosynthesis is required for flavone and anthocyanin biosynthesis
but not for the biosynthesis of aurones (SI Appendix, Fig. S1).
Aurones are formed from chalcones by variant polyphenol oxidase
(PPO) enzymes, with different types of PPOs, termed aureusidin
synthase (AUS) and aurone synthase (AS), forming aurones in
Antirrhinum majus and Coreopsis grandiflora, respectively (29–34).
The AUS and AS conduct hydroxylation at the B-ring of chal-
cones, followed by oxidative cyclization into aurones, either before
(CgAS) or after (AmAUS) glycosylation. The majority of PPOs
characterized in angiosperms are localized to the plastid and exert
an oxidative action on phenolic substrates that can lead to, for
example, the browning that occurs during cell rupture (35). The
CgAS has the characteristic N-terminal chloroplast transit peptide
and thylakoid transfer domain and so might direct aurone bio-
synthesis in plastids (33, 34). However, the AmAUS lacks the
plastid localization signal and is localized to the vacuole (32). As
auronidins are a newly identified phenylpropanoid group, there
is no information on the possible subsequent biosynthetic steps
from aurones to the cell wall-bound or soluble glycosylated
auronidin products.
Although a biosynthetic pathway to auronidins via aurones

seemed probable, based on the shared structural characteristics
with aurones and the characterized function of MpMYB14 in ac-
tivating flavonoid biosynthesis, alternative biosynthetic routes
could not be excluded. Thus, RNA-seq differential gene expression
analysis was conducted to identify candidate genes for auronidin
biosynthesis.Marchantia produces auronidins when placed under
nutrient deprivation stress, and this response is lost in the myb14
mutant (17). RNA-seq comparisons of the gene expression
response of WT and myb14 plants under nutrient deprivation
identified 260 differential genes with a cutoff of an adjusted
P value <0.001 and a log2 fold increase >1.0 (Fig. 4A and SI
Appendix, Table S2). Of these, 121 were up-regulated in WT but
not myb14 plants and thus included candidates for auronidin
biosynthetic genes. Of the 20 up-regulated transcripts with
lowest adjusted P values, 7 encoded known phenylpropanoid
biosynthetic enzymes, including those corresponding to PAL
(Mapoly0005s0086, Mapoly0005s0088, and Mapoly0014s0211),
CHS (Mapoly0021s0159), and CHIL (Mapoly0175s0004). How-
ever, CHI (Mapoly0167s0012) was not 1 of these 260 genes, being
up-regulated by only 0.5 log2 fold with an adjusted P value >0.001
and ranked at 1,627 out of 11,937 gene models on adjusted P
value. In addition to the 7 transcript models for characterized
phenylpropanoid biosynthetic enzymes, 4 others corresponded to
candidates for additional auronidin biosynthetic or localization steps.
These included a transcript for a PPO (Mapoly0021s0041), which
had the lowest adjusted P value of any gene model (2.2 × 10−308) and

A

C D

B

Fig. 3. 1H NMR spectra, colors, and fluorescence of auronidin 4-
neohesperidoside from Marchantia in solvents with different acidities,
demonstrating lack of some typical anthocyanin properties. (A and B)
Auronidin 4-neohesperidoside (1) dissolved in methanol containing
various amounts of TFA. The aromatic regions of the corresponding 1H
NMR spectra (A) show that the color changes from orange to pink-
purple (B) are in accordance with increased amounts of the anionic
form of 1 in an acid-base equilibrium when the acid content is reduced.
The lack of additional peaks in the NMR spectra prove the absence of various
anthocyanin equilibrium forms expressing different colors. (C) Auronidin 4-

neohesperidoside dissolved in deuterated dimethyl sulfoxide containing 5%
TFA in 365-nm UV light. (D) Comparison of auronidin 4-neohesperidoside and
the anthocyanin cyanidin 3-glucoside dissolved in methanol containing 0.5%
TFA (acidic) or 0.5% 0.2 M NaOH (alkaline). The samples were illuminated by a
365-nm UV lamp (Top) or ambient light (Bottom). The anthocyanin in alkaline
is not shown, as it degraded in that solvent.
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Log2 Fold Change

Mpoly_primaryTs Blast-based annotation
WTS vs. 
myb14S

35S:MYB14 
vs. WT

Mapoly0021s0041 PPO (aurone synthase candidate) 8.54 4.41
Mapoly0006s0217 Dirigent-like protein 8.22 4.36
Mapoly0006s0216 Dirigent-like protein 6.15 5.83
Mapoly0024s0001 F-BOX-like 4.43 1.88
Mapoly0070s0012 Amidohydrolase 3.62 2.38
Mapoly0021s0159 Chalcone synthase 3.37 3.73
Mapoly0193s0014 Ferric reductase NAD binding domain 3.09 1.82
Mapoly0064s0111 PR protein Bet v I family 2.82 5.21
Mapoly0032s0032 Dicarboxylate/amino acid transporter 2.59 2.68
Mapoly0043s0144 Ferric reduction oxidase 2.27 2.40
Mapoly0175s0004 Chalcone isomerase-Like 2.09 2.87
Mapoly0001s0363 NA 1.75 1.67
Mapoly0015s0187 NA 1.75 3.40
Mapoly0007s0096 Pectate lyase 1.49 1.77
Mapoly0007s0096 Short-chain dehydrogenase reductase 1.19 1.42
Mapoly0027s0087 Fasciclin-like arabinogalactan protein 1.14 1.33
Mapoly0043s0030 GDSL-like Lipase/Acylhydrolase 1.13 1.08
Mapoly0014s0211 Phenylalanine ammonia-lyase 1.12 3.31
Mapoly0063s0049 Cinnamoyl-CoA reductase 1.04 1.48
Mapoly0160s0032 Alpha/beta-hydrolase lipase region 1.03 1.03
Mapoly0077s0034 GDSL-like Lipase/Acylhydrolase 1.01 1.03
Mapoly0054s0093 NA 1.01 1.42

Mpoly_primaryTs Blast-based annotation

Mean 
count 
WT

Mean 
count 

myb14

Log2FC 
WTS vs. 
myb14S padj

Mapoly0021s0041 PPO (aurone synthase candidate) 15622 42 8.54 <2.2E-308
Mapoly0005s0088 Phenylalanine ammonia-lyase-like 8663 2325 1.90 1.3E-239
Mapoly0175s0004 Chalcone isomerase-Like 3239 759 2.09 4.1E-174
Mapoly0021s0159 Chalcone synthase 23383 2264 3.37 7.5E-147
Mapoly0024s0001 F-BOX-like 1105 51 4.43 2.6E-137

Mapoly0048s0047
Shikimate O-
hydroxycinnamoyltransferase 1741 379 2.20 1.8E-127

Mapoly0006s0217 Dirigent-like protein 2750 9 8.22 3.4E-112
Mapoly0005s0086 Phenylalanine ammonia-lyase. 2433 773 1.65 3.5E-79
Mapoly0063s0049 Cinnamoyl-CoA reductase 5338 2603 1.04 3.4E-58
Mapoly0009s0202 Non-specific phospholipase C1 449 35 3.71 1.9E-54
Mapoly0006s0216 Dirigent-like protein 817 11 6.15 9.6E-46
Mapoly0032s0032 Dicarboxylate/amino acid transporter 2905 482 2.59 2.6E-41
Mapoly0014s0211 Phenylalanine ammonia-lyase 2698 1241 1.12 4.9E-36
Mapoly0043s0144 Ferric reduction oxidase 429 89 2.27 1.2E-32
Mapoly0064s0111 PR protein Bet v I family 529 75 2.82 1.1E-31
Mapoly0056s0067 Protein kinase domain 446 162 1.47 3.5E-28
Mapoly0125s0012 ABC-transporter 1157 565 1.03 9.9E-27
Mapoly0109s0013 ABC-transporter 1264 525 1.27 2.0E-25
Mapoly0197s0009 Probable flavonoid related CYP450 1640 690 1.25 3.7E-25
Mapoly0028s0010 Pectinesterase 514 206 1.32 1.1E-20

A

B

Fig. 4. Identification of transcripts associated with MpMYB14-regulated auronidin production. (A) Differential transcript abundance for WT vs. myb14 mutant
Marchantia lines during nutrient deprivation stress, as determined using RNA-seq DESeq2, with an adjusted P value <0.001 and log2 fold increase >1.0 cutoff. The
number of transcripts up- or down-regulated are shown on the left, and details of the 20 up-regulated transcripts having the lowest adjusted P value are shown in
the table on the right. (B) Comparison of the 121 up-regulated transcripts from the WT-stress (WTS) vs. myb14-stress (myb14S) analysis to those up-regulated
between a 35S:MYB14 transgenic and WT, with an adjusted P value <0.001 and log2 fold increase >1.0 cutoff. Details of the 22 transcripts up-regulated in both
comparisons are shown on the right. In both A and B, candidate transcripts related to phenylpropanoid biosynthesis are highlighted in green.
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one of the highest fold differences (8.5 log2 fold, a baseMean
change from 42 to 15,622 reads). To further resolve candidate
auronidin biosynthetic genes, comparisons were made to genes
up-regulated in 35S:MYB14 transgenics compared with unstressed
WT plants, as the 35S:MYB14 Marchantia transgenics have
greatly increased auronidin content (SI Appendix, Fig. S3). Ap-
plying the same adjusted P value <0.001 and log2 fold increase
>1.0 cutoff gave 160 transcripts as up-regulated in 35S:MYB14
transgenics (Fig. 4B). Twenty-two transcripts were common
across the 2 pairwise comparisons, and 6 of these corresponded
to candidate phenylpropanoid biosynthetic enzymes, including
the PPO. The pattern of genes up-regulated by MYB14 thus
supported a phenylpropanoid biosynthetic route to auronidins
but not via chalcones, as CHI was not activated. The proposed
route via aurones was supported by the strong and coordinated
up-regulation of genes for PAL, CHS, CHIL, and a candidate
AUS PPO.
To confirm that CHI was not required for auronidin biosynthesis,

we analyzed Marchantia plants that have CRISPR/Cas9-based
mutations in the CHI gene (9). Previous studies have identified
CHI and CHIL as single-copy genes in M. polymorpha (9, 25). We
confirmed this through BLAST analysis of the genome sequence,
transcript assemblies of Bowman et al. (25), and our own de novo
transcript assemblies based on RNA from the 35S:MYB14 trans-
genics. In phylogenetic analysis, the MpCHI and MpCHIL se-
quences fall into the well- characterized separate CHI and CHIL
clades (SI Appendix, Fig. S2), with only 25.4% identity between the
deduced amino acid sequences. CHI and CHIL sequences from
Marchantia paleacea, termed MpalCHI1 and MpalCHI2, have been
characterized for their encoded enzyme activities, with MpalCHI1
able to form flavanones from chalcones with a similar efficiency to
CHI enzymes from angiosperms but MpalCHI2 lacking any flava-
none biosynthetic activity (36). MpCHI and MpCHIL have 90.7%
and 92.9% amino acid identity to MpalCHI1 and MpalCHI2, re-
spectively. Wild-type Marchantia plants under nutrient deprivation
stress produced both flavone O-glycosides and the red pigment
auronidin (2) (Fig. 5). Plants with knockout mutations of the Mpchi
gene produced no detectable flavones, confirming that the single
MpCHI gene is required for production of flavanone-derived
compounds such as flavones and anthocyanins (SI Appendix, Fig.
S1). However, the chi mutants were unaltered in auronidin pro-
duction (Fig. 5). As an additional visualization of the lack of re-
quirement of CHI for auronidin biosynthesis, the chi line was
crossed with a 35S:MYB14 transgenic line. The (haploid) F1 lines
containing the chi mutated allele and 35S:MYB14 transgene were
visually indistinguishable from the 35S:MYB14 parental line,
showing substantial overproduction of auronidin and deep pur-
ple pigmentation (SI Appendix, Fig. S3).
The chi mutant analysis confirmed that the auronidin biosyn-

thetic branch differ from that of anthocyanins and does not require
flavanone production. The differential gene expression suggested
a flavonoid biosynthetic origin. This was tested by analysis of
Marchantia plants with knockout mutations of the chil gene (9).
CHIL function is unresolved, but mutant studies in Arabidopsis
and Ipomoea nil show that it is generally required for efficient
function of the early steps of the flavonoid pathway (37, 38) and
may noncatalytically enhance chalcone formation and downstream
conversion (39). The Mpchil lines had reduced content of both
flavones and auronidin (Fig. 5), supporting a flavonoid origin for
auronidins. In accordance with this, plants with a knockout of both
the chi and chil genes, generated by crossing the individual mutant
lines, contained almost no detectable flavonoids, with both fla-
vones and auronidins reduced (Fig. 5).
The RNA-seq differential gene analysis identified the PPO gene

Mapoly0021s0041 as a candidate biosynthetic step for auronidins,
potentially as an AUS/AS. To investigate this further, we analyzed
the Mapoly0021s0041 predicted amino acid sequence in the con-
text of the Marchantia PPO gene family. We found 63 candidate

Marchantia PPO gene models (SI Appendix, Fig. S4), by far the
largest PPO gene family identified for any plant species (35),
despite the comparatively small number of gene models in the
Marchantia genome sequence. Mapoly0021s0041 contained an
N-terminal extension, which may be a targeting peptide, and the
conserved PPO catalytically active domain of ∼40 kDa. How-
ever, it lacked the C-terminal domain of ∼19 kDa that is thought
to shield the active site until cleavage at the site of action. The N-
terminal targeting peptide did not have the typical characteristics
for plastid localization, with the highest prediction being for secre-
tory. We used CRISPR/Cas9 (40) to generate knockout mutants for
Mapoly0021s0041 (ppo plants). The haploid status of the dominant
liverwort life stage, the gametophyte, allowed for efficient visual
screening of the first transgenic generation for reduced pigmenta-
tion when plants were placed under nutrient stress. Thus, 8 inde-
pendent candidate ppo mutants were identified in the initial screen,
and the presence of different deletion events in the targeted region
of theMapoly0021s0041 gene then confirmed for each of these lines

A

B

C

Fig. 5. Marchantia genetic mutants showing that auronidins are produced by
a different branch of the flavonoid pathway than that producing anthocya-
nins. WT and mutant Marchantia plants were induced to synthesize red
auronidin pigments by nutrient deprivation. Lines contain mutations in flavo-
noid biosynthetic (chi, chil, and ppo) or regulatory (myb14) genes. (A) Repre-
sentative pigmentation phenotypes. (B and C) Flavone and auronidin contents.
n = 3 biological replicates ± 95% confidence interval. ND, not detected. Means
that are significantly different are indicated by different letters (a, b, c, and d).
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(SI Appendix, Fig. S5). As the initial screen was visual, rather than
an unbiased screening for mutation events, we confirmed the
specificity of the ppo mutations by sequencing any predicted
potential nontarget sites in the genome. No off-target genome
sequence changes were found. The ppo mutants had reduced
auronidin production but WT flavone production (Fig. 5), sug-
gesting a specific role for Mapoly0021s0041 in auronidin bio-
synthesis and supporting the proposed aurone biosynthetic route
to auronidins.

Discussion
The timing of the evolution of the flavonoid pathway is the subject
of current debate (20). Most papers communicate that flavonoids
are absent from algae and propose flavonoids arising during the
evolution of the first land plants. Although genes for the initial
steps of the phenylpropanoid pathway may be present in algae, and
there is some evidence of various flavonoid groups (but not the
pigmented anthocyanin nor aurone groups) at very low amounts in
algae (40), there are no substantiated examples of the flavonoid-
specific genes being present in algal genomes. What type of fla-
vonoids the first land plants might have produced is not known.
The UV-B–absorbing colorless flavones and flavonols are present
in all major extant land plant groups examined, suggesting that they
may have been present in the last common ancestor (8–11, 16).
When it comes to pigmented flavonoids, anthocyanins are widely
distributed in angiosperms and to some extent in gymnosperms. A
few deoxyanthocyanidins (rather simple in structure) are reported
to occur in nonseed plants, such as ferns and mosses (6, 41).
Anthocyanins serve 2 major functions in plants. In seed plants,

they provide a diversity of colors vital for pollination and seed
dispersal (14, 15). This color palette is based on several distinct
structural elements of the anthocyanins, including various pro-
portions of structurally different equilibrium forms of individual
colors. The second function of anthocyanins is in protection
against abiotic stress. Although the mechanism by which antho-
cyanins function is not resolved, they are known to directly absorb
or distribute visible light and to have antioxidant activity (2, 3, 7,
8). In the liverwort gametophyte, auronidins obviously serve other
functions besides participating in pollination and seed dispersal
and (reported as riccionidin) have been found to be stress-induced
(17–19). Thus, auronidins may be anthocyanin “replacements” in
liverworts with regard to stress tolerance functions—despite the
absence of the various structural forms typical of anthocyanins.
Auronidins share some color attributes with anthocyanins in the
orange to violet part of the light spectrum and are the only other
flavonoid group to do so. However, in auronidins, the chromo-
phore system is based on acid-base equilibrium forms and not on
the different anthocyanin equilibrium forms. Also, the formation
of the auronidin C- and D-rings based on the C9 skeleton is unique
among the flavonoid groups. The chemical properties displayed by
auronidins in vitro, and the presence of both cell wall-bound and
soluble forms in planta, suggest unreported in planta functions that
perhaps contribute to the remarkable ability of liverworts to sur-
vive in extreme environments.
More than 8,000 flavonoid structures were identified by 2006

(6), and more have been characterized since. We suggest that the
development of and within the various flavonoid groups, as well
as the regulation of the amounts of individual flavonoids in each
plant, are in the evolutionary context of the various plant phyla
driven by functional needs. R2R3MYB transcription factors are
central regulators of flavonoid production (14, 17, 22, 23). An-
giosperm R2R3MYB gene families are substantially larger than
those of basal plants such as Marchantia (25). In Marchantia,
a single R2R3MYB gene, MpMYB14, is the key regulator of
auronidin production in response to stress triggers (17) (Fig. 5).
Although these same stress triggers activate the R2R3MYB genes
that induce anthocyanin production in angiosperms, additional
R2R3MYB genes are required for the production of anthocyanins

or other flavonoid groups in response to a variety of different
developmental and environmental stimuli. As a consequence, we
suggest that the progress of diversity and complexity of anthocy-
anin structures with their structurally different equilibrium forms,
and associated increased complexity in pathway regulation, are
advanced features in seed plants that facilitated communication
with the biotic environment via their additional functions in pol-
lination and seed dispersal. Thus, the biosynthesis of anthocyanins
in the evolutionary context must be viewed from 2 directions,
driven either by its proposed function in stress tolerance or its
function in pollination and seed dispersal.
The similarity of the auronidin ring pattern, hydroxyl posi-

tions, and glycosylation pattern to that of aurones suggested an
aurone precursor for auronidins. The phenotypes of the chi and
chil mutants supported this proposed aurone biosynthetic route;
the chi mutants lost production of flavanone-derived flavonoids
(flavones) but not of auronidins, while the chil mutants had re-
duced production of both flavones and auronidins. The reduced
flavone in chil plants suggests that CHIL has a similar role in
promoting flavonoid production in Marchantia as it does in some
angiosperms. The flavonoid route to auronidins was also sup-
ported by the genes identified as up-regulated by MpMYB14
coincident with auronidin production. These included the phe-
nylpropanoid pathway enzyme PAL and the flavonoid pathway
enzymes CHS and CHIL, as well as a candidate AUS PPO. Thus,
the chemistry, chi/chil mutant, and RNA-seq analysis data show
that auronidins are phenylpropanoid pigments and suggest a
biosynthetic origin via aurones. However, a genetic mutation
removing the activity of either CHS or a confirmed enzyme in
the specific aurone/auronidin biosynthetic branch is required to
rule out other possible biosynthetic routes. CHS is a challenging
CRISPR/Cas9 target in Marchantia. Twenty-four putative CHS
genes have been identified in the genome (25), including 9 of the
2,000 most highly expressed genes in the stressed WT RNA-seq
data, with no single gene accounting for >25% of the total CHS
transcript pool. The auronidin biosynthetic steps following
chalcones are unknown; however, the candidate AUS PPO,
Mapoly0021s0041, was coordinately expressed with auronidin
production and the characterized flavonoid biosynthetic genes.
In the top 2,000 genes in the stressed WT RNA-seq data, there
are only 2 PPO candidates, withMapoly0021s0041 accounting for
77% of the total PPO transcript pool, thus making it a suitable
CRISPR target. Mapoly0021s0041 loss-of-function mutants (ppo
lines) had greatly reduced production of both cell wall-bound
auronidin and auronidin glycoside. Thus, Mapoly0021s0041 prob-
ably conducts a biosynthetic step before the cell wall attachment of
auronidin (which presumably may involve polymerization), as the
auronidin glycoside is thought to be vacuolar-located based on
visual localization in cells, including the presence of anthocyanic
vacuolar inclusion equivalents (24). It is unlikely that the reduced
pigment amounts in the ppo plants were due to pathway feed-
back inhibition from the accumulation of unbound auronidin, as
35S:MYB14 plants accumulate large amounts of auronidin glyco-
side. The data thus support an aurone biosynthetic route. How-
ever, the possibility that Mapoly0021s0041 (which has an in silico
localization prediction as “secretory”) or other MpPPO genes are
involved in biosynthetic steps in addition to formation of the
aurone, such as cell wall binding or polymerization, cannot be
ruled out.
Aurones occur sporadically across the embryophyta, and PPOs

with differing structures and activities have been adopted for
aurone biosynthesis. Tran et al. (35) found that the size of the
PPO gene family varied from 0 to 13 across 20 embryophyte
genomes analyzed, which included those of the moss Physcomi-
trella patens and the lycophyte Selaginella moellendorffii. The
same analysis found PPO genes across 5 green algae genomes,
suggesting that PPO predates land colonization. In comparison,
63 candidate PPO genes were found in the Marchantia genome,
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with various predicted protein structures. These included several
genes, like the candidate AUS, that are short sequences com-
parative to angiosperm PPOs. The large gene number and var-
iation in protein structures suggests that the PPO gene family
has undergone extensive duplication and neofunctionalization in
Marchantia and could have roles in biosynthetic processes other
than those typically expected for angiosperm PPOs. Whether this
is a feature of liverworts in general awaits the completion of
genome sequences for additional species.
Liverworts are often considered as the basal plant group with a

sister relationship to all extant land plants. The discovery that
riccionidin A is an auronidin means that there are now no vali-
dated reports of anthocyanins in liverworts. Thus, we suggest that
the biosynthesis of anthocyanins arose after the occurrence of the
last common ancestor of liverworts and seed plants.

Methods and Materials
Plant Material. Plant material, growth conditions, and stress treatments of
Marchantia polymorpha L. have been described previously (17). The WT and
mpmyb14-1 lines have been described previously (17). CRISPR/Cas9-mutagenesis
of the MpCHI, MpCHIL, and MpPPO genes was as described previously (17, 42),
using the oligonucleotide guide sequences given in SI Appendix. Multiple in-
dependent knockout lines were generated, with results shown for represen-
tative lines (mpchi-1, mpchil-1, and mpppo-1).

Pigment Isolation and Analyses. Flavone glycoside and auronidin quantification
were done as described previously (17). All analyses were performed using at
least 3 biological replicates. Pigments 1 and 2were extracted from freeze-dried
M. polymorpha 35S:MYB14 tissue with methanol/water/trifluoroacetic acid
(TFA) (80:20:0.5, vol/vol). The pigments were purified using liquid-liquid
extraction against ethyl acetate (monitored with an Agilent 1160 analytical
high-performance liquid chromatography [HPLC] system), followed by pre-
parative HPLC. Full details of the extraction and HPLC procedures are provided
in SI Appendix. Structural determination used homonuclear and heteronuclear
2D nuclear magnetic resonance (NMR) and high-resolution electrospray ionization
(ESI+) mass spectrometry. NMR spectroscopy was done with a Bruker Ascend
850-MHz spectrometer equipped with a TCl CryoProbe at 850.13 MHz for 1H
and 213.77 MHz for 13C. Mass spectrometry was done using a JEOL JMS-
T100LC-AccuTOF mass spectrometer with ESI+ and time-of-flight separation.
Instrumentation and analytical procedures are detailed in Fig. 1, SI Appendix,
Table S1, and SI Appendix. UV/visible-light absorption spectra were recorded
using a Biochrom Libra S32 PC spectrophotometer.

Data and Materials Availability. All data underlying the study are available in
the paper or SI Appendix.
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