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Plant reproductive and vegetative tissues often use the same biochemical pathways to produce
specialized metabolites. In such cases, selection acting on the synthesis of specific products in a
particular tissue could result in correlated changes in other products of the pathway, both in the same
tissue and in other tissues. This study examined how changes in floral anthocyanin pigmentation affect
the production of other compounds of the flavonoid pathway in flowers and in leaves. Focusing on the
Iochrominae, a clade of Solanaceae with a wide range of flower colors, liquid chromatography coupled
with mass spectrometry and UV detection was used to profile and quantify the variation in two classes of
flavonoids, anthocyanins and flavonols. Purple, red, orange and white-flowered Iochrominae produced
all of the six common anthocyanidin types, as well as several classes of flavonols. Differences in
anthocyanin and flavonol production were significantly correlated in flowers, particularly with respect to
B ring hydroxylation pattern. However, these differences in floral flavonoids were not strongly related to
differences in leaf chemistry. Specifically, most species made only flavonols (not anthocyanins) in leaves,
and these comprised the two most common flavonols, quercetin and kaempferol, regardless of the color
of the flower. These results suggest that shifts in flower color may occur without significant pleiotropic
consequences for flavonoid production in vegetative tissues. Similar studies in other systems will be

important for testing the generality of this pattern in other groups of flowering plants.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Plants contain a relatively small number of genes that code for
enzymes in biochemical pathways, which collectively produce
thousands of different specialized metabolites (Pichersky and Gang,
2000). The organization of genes into metabolic and biochemical
pathways varies, but a unique and emergent feature of many of
these systems is that precursor substrates, enzymes, and regulatory
elements are shared by several different groups of metabolites
(Jeong et al., 2000; Ravasz et al., 2002; Schilling and Palsson, 1998).
This connectivity of substrates and enzymes creates the potential
for correlated changes at the molecular level (Xi et al., 2011), as well
as in the resulting biochemical phenotypes and traits (Armbruster,
2002). Correlated trait variation has important consequences for
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both wild and domesticated species, as it can limit the response to
directional selection or result in undesirable phenotypes (Chen and
Liibberstedt, 2010; Otto, 2004).

The ubiquitous plant flavonoid pathway produces a diverse
array of compounds from a small set of substrates, enzymes, and
regulatory elements, providing a promising system for studying
correlated biochemical variation within and across tissues. Most
plant tissues accumulate multiple types of flavonoids, which may
serve as pigments, antioxidants, defense compounds, and signaling
molecules (Chalker-Scott, 1999; Winkel-Shirley, 1996). For
example, many flowers produce anthocyanins (red, blue and purple
flavonoid pigments) as well as flavonols, a group of flavonoids that
act as co-pigments and create UV-patterning visible to insects
(Gronquist et al., 2001; Koski et al., 2014). Moreover, a single type of
flavonoid is often found in multiple tissues. For example, while
anthocyanins are abundant in colored flowers and fruits, they can
also be produced in vegetative tissues in response to light and
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temperature stress (Lee and Gould, 2002).

Building on the well-known flavonoid pathway (Fig. 1), it is
possible to make predictions about correlated variation among its
products. First, because different classes of flavonoids share several
enzymatic steps, changes in the expression and/or activity of these
enzymes could generate correlated shifts in multiple pathway
products. For example, elevated expression of any of the upstream
enzymes (CHS, CHI) could increase overall flux through the
pathway and lead to increases in the multiple downstream prod-
ucts. Second, more fine scale correlations might be expected among
different classes of flavonoids, such as in the hydroxylation patterns
of the B ring (Halbwirth, 2010). For example, an increase in the
activity of F3’5’H should result in greater production of the trihy-
droxylated flavonol, myricetin (4), as well as the trihydroxylated
anthocyanidin, delphinidin (8, Fig. 1). If such a shift toward trihy-
droxylated flavonoids depleted the substrates available for mono-
and di-hydroxylated forms, negative correlations would be ex-
pected in production between these forms.

To the degree that the pathway and its regulation are shared
across the plant, correlations in biochemical variation may also
extend across multiple tissues. Species that produce particular
classes of anthocyanins or flavonols in flowers often produce those
same compounds in leaves and other vegetative tissues (Berardi,
2014; Goss, 1973; Harborne, 1977; Lawrence et al., 1939; Lowry
et al., 2012; Martin et al, 1991). However, flowers and leaves
experience different selective pressures and perform distinct
ecological roles; thus they also produce metabolites specialized for
their functions (Harborne, 1993; Strauss and Whittall, 2006;
Wessinger and Rausher, 2012). The extent of co-variation in
flower and leaf flavonoids will depend on the specialization of
transcriptional factors and other regulatory elements (Quattrocchio

p-coumaryl CoA HO, 0
+ malonyl CoA @ Ehaleone _@

G

et al., 1999; Stracke et al., 2007; Streisfeld and Rausher, 2009) and of
the enzymes themselves, when they exist in multiple copies (Koes
et al., 1989).

This study focuses on the tomato family, Solanaceae, in which
flavonoid genes typically occur in single copies (e.g. FLS, F3H, DFR,
De Jong et al. (2004)). Even when multiple copies are present, one
of the genes is predominantly expressed across the plant (e.g., CHS:
Koes et al. (1989) and CHI: van Tunen et al. (1988)). These structural
genes are regulated by a complex network of transcription factors,
some of which are tissue specific (Ramsay and Glover, 2005) but
others of which act throughout the plant (Albert et al., 2014). The
sharing of transcriptional regulators and expression of specific
genes across tissues would predict correlated biochemical
composition. Such patterns have been qualitatively assessed in a
handful of Solanaceae species (Lewis et al., 1998; Taylor, 1940), but
not tested using statistical or comparative methods.

This body of knowledge is expanded here by quantifying
flavonoid composition in flowers and leaves across the Iochromi-
nae, an ornamental clade of Solanaceae known for its wide range of
flower colors (Smith and Baum, 2006). Previous studies have
shown that this color diversity is likely driven by competition for
pollinators (Muchhala et al., 2014), and in some species is associ-
ated with changes in floral anthocyanin production (Smith and
Rausher, 2011). These changes in anthocyanin production could
lead to correlated changes in other floral flavonoids as well as
changes in the chemical composition of non-floral tissues.

Focusing on a set of species representing the different color
phenotypes across the clade, a combination of biochemical
profiling and statistical phylogenetic analyses were used to track
the changes in flavonoid production through flower color transi-
tions. Specifically, the following questions were addressed: (i) what
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Fig. 1. The flavonoid pathway adapted from Rausher (2008). Pathway enzymes include: CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone-3-hydroxylase; FLS,
flavonol synthase; F3'H, flavonoid 3’-hydroxylase; F3'5'H, flavonoid 3',5'-hydroxylase; DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase; and UFGT, UDP flavonoid
glucosyl-transferase. Precursor compound abbreviations are DHK, dihydrokaempferol; DHQ, dihydroquercetin; DHM, dihydromyricetin. Products of the pathway include flavonols

(kaempferol, quercetin, and myricetin, 2—4) and anthocyanidins (pelargonidin, 5; cyanidin and its methylated derivative peonidin, 6—7

; and delphinidin and its methylated de-

rivatives petunidin and malvidin, 8—10). These anthocyanidins can be converted into multiple glycosylated and acylated anthocyanins (not shown). Other types of flavonoids, such
as flavanones and condensed tannins, are not shown as they are rare in the Solanaceae (Eich, 2008). Compound numbers that correspond to those in the text are provided next to

the compound name.
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is the range of flavonoid diversity in flowers and leaves of Iochro-
minae?; (ii) do shifts in floral anthocyanins lead to correlated
changes in other floral flavonoids?; and (iii) do these correlated
changes extend to leaf flavonoid composition? This is only the
second study to apply comparative methods to testing for
biochemical correlations (Armbruster, 2002), and the first to apply
these methods to quantitative (as opposed to qualitative)
biochemical data. Understanding the extent of correlated variation
in floral pigmentation and flavonoid production across the plant in
this diverse clade will provide new insight into the range of
pleiotropic consequences that may result from natural or artificial
selection acting on flower color.

2. Results
2.1. UPLC-MS metabolite profiling and compound identification

Metabolite profiling was performed in order to characterize the
flavonoid composition of eight species, representing white, purple,
red, and orange floral colors (Supplementary Table 1), using ultra
performance liquid chromatography coupled with electrospray
ionization and quadrupole time-of-flight mass spectrometry, UPLC-
ESI-QTOF-MS. A total of 31 major compounds were identified in the
petal and leaf methanolic extracts from these taxa, utilizing a
combination of standards, published data, and fragmentation pat-
terns (Supplementary Table 2). The majority of the compounds
identified from the methanolic extracts were acylated and glyco-
sylated flavonoids. Glycosyl groups included glucose, rhamnose,
and diglucosides (like sophoroside), many of which have been
observed in previous studies (Silva et al., 2004; Steinharter et al.,
1986). The major anthocyanins were glycosides of pelargonidin
(5), petunidin (9), and malvidin (10), although cyanidin (6), del-
phinidin (8), and peonidin (7) glycosides were also found. Pelar-
gonidin (5) compounds were the dominant anthocyanins in the
red-flowered species, Iochroma gesnerioides and I fuchsioides, as
previously reported (Smith and Rausher, 2011; Smith et al., 2013).
Petunidin (9) and malvidin (10) compounds, followed by delphi-
nidin (8), were the predominant anthocyanins in purple-flowered
species lochroma cyaneum, I australe, I parvifolium, and
I grandiflorum. Cyanidin (6) compounds were found in orange
I edule flowers, as well as in both red-flowered species. No an-
thocyanins were found in white-flowered I loxense. Last, small
amounts of delphinidin (8) compounds were found in L cyaneum
leaf samples.

In addition to anthocyanins, glycosides of the flavonols,
kaempferol (2), quercetin (3), and myricetin (4), were present. All
species produced kaempferol (2) and quercetin (3) glycosides, but
myricetin (4) glycosides were only detected in purple-flowered
species. Myricetin (4) was present in the petals of all purple flow-
ered species and also in leaves for three (I. cyaneum, L. grandiflorum,
and I. parvifolium). No flavones were found in petal or leaf tissues.
Flavonoid aglycone presence/absence data is reported in Table 1.

Although the majority of the compounds identified in the
methanolic extracts were flavonoids, chlorogenic acid (11) and four
major phenolamide compounds were found in petals and leaves of
all species: a bis(dihydrocaffeoyl)-spermidine (12), a
tris(dihydrocaffeoyl)-spermidine (13), and two N-caffeoyl putres-
cine isomers (14, 15) (Supplementary Fig. 1). Phenolamides have
been previously found in I cyaneum, as well as other Solanaceae
(Sattar et al., 1990). These phenolamides were found in higher
concentrations in petals than in leaves. Phenolamides are co-
regulated with flavonoids (Outchkourov et al., 2014), which may
in part explain their abundance. In addition, putrescine (14,15) is an
integral precursor in the biosynthesis of alkaloids, for which the
Solanaceae are well known (Dewey and Xie, 2013; Wang et al.,

2008).
2.2. Flavonoid quantification with HPLC-UV

HPLC-UV was used to quantify the levels of flavonoid production
in the same eight species used for UPLC-MS plus one additional
purple-flowering species of lochrominae (Vassobia breviflora) to
increase the phylogenetic distance represented in this study. All six
common anthocyanidins were detected in hydrolyzed samples
using HPLC-UV (Table 1). Delphinidin (8) was found in all of the
purple flowers, while the other trihydroxylated pigments, petuni-
din (9) and malvidin (10), were found in all purple flowers except
for Vassobia brevifolia. Cyanidin (6) was only detected in orange
I edule petals. Peonidin (7), however, was detected in small quan-
tities in three of the five purple-flowered species. Quercetin (3) was
the predominant flavonol in both flowers and leaves in all species
except for the red-flowered I gesnerioides and I fuchsioides.
Generally, the two red-flowered species accumulated lower levels
of flavonols than the other species analyzed, with more kaempferol
(2) than quercetin (3) in both tissues (Fig. 2). Quantifiable levels of
myricetin (4) were only detected in purple-flowered I parvifolium
petals. Finally, trace amounts of delphinidin (8) were detected in
I cyaneum and V. breviflora leaves. A comparison of flavonoid
aglycone quantities by hydroxylation level from hydrolyzed sam-
ples is shown in Fig. 2.

2.3. Principal components analysis of flavonoid production

The phylogenetic principal components analysis (pPCA) parti-
tioned the variance of the HPLC-UV data from hydrolyzed samples
into principal components (PCs) that described both flavonoid
concentration and composition (Supplementary Table 3). PC1 was
strongly correlated with total flavonoid concentration of the
samples (Supplementary Fig. 2; Spearman’s r = 0.89, p < 0.0001,
n = 27) and explained 37% of the total variance. PC1 was the only
principal component in which leaf flavonols strongly loaded (0.82
for both mono- and dihydroxylated flavonols, where 1 is the
maximum), indicating that most of the flavonoid variation in
leaves relates to concentration rather than composition. PC2 and
PC3 together describe flavonoid composition, and explain 19% and
14% of the variance, respectively (Fig. 3A). When plotted, PC2 and
PC3 scores cluster the analyzed samples into floral color groups,
differentiating those from purple-flowering species from those
from red-flowering species in particular. White and yellow-
flowering samples cluster in the middle, with few to no antho-
cyanidins detected in hydrolyzed extracts. Together, the PC1-PC3
explained 70.3% of the total variance in the dataset
(Supplementary Table 3).

24. Correlations among flavonoid hydroxylation groups within
tissues

Within-tissue correlations between anthocyanins and flavonols
of the same hydroxylation level were predicted, and our analyses
revealed such correlations among some types of flavonoids largely
within petals (Table 2). Specifically, evidence for correlated pro-
duction in petal tissue for dihydroxylated and trihydroxylated fla-
vonoids (r = 0.68, r = 0.52, respectively; Table 2) was found. For
example, individuals that produce more trihydroxylated anthocy-
anins (delphinidin (8), petunidin (9), and/or malvidin (10) glyco-
sides) in their petals also produce more trihydroxylated flavonols
(myricetin (4) glycosides) in this tissue. This pattern is reflected in
the plot of PC loadings where the petal trihydroxylated anthocya-
nins cluster with their corresponding flavonols (upper left quad-
rant, Fig. 3B). Comparable correlations among leaf anthocyanins
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Table 1

Summary of flavonoids present in petal and leaf tissues. Compounds identified using UPLC-MS are binned by flavonoid aglycone, while compounds detected by HPLC-UV were
hydrolyzed and identified as aglycones. Symbol + represents compound presence in both HPLC-UV and UPLC-MS chromatograms, symbol X represents compound presence in
HPLC-UV chromatograms only, and symbol * represents compound presence in UPLC-MS chromatograms only.

Flavonol aglycones

Anthocyanin aglycones

Hydroxylation: Mono Di Tri Mono Di Di Tri Tri Tri

Floral Color  Species Tissue  Kaempferol® Quercetin  Myricetin  Pelargonidin ~ Cyanidin  Peonidin  Delphinidin = Petunidin =~ Malvidin

Purple I australe petal + + * * + + +
leaf + +

Purple I. cyaneum petal + + * + + + +
leaf + + * *

Orange I edule petal + + o
leaf + +

Red L fuchsioides petal * * + *
leaf + +

Red I gesnerioides petal + v + *
leaf® g g

Purple I grandiflorum  petal + + % + + + +
leaf * * *

White I loxense petal + +
leaf + +

Purple L. parvifolium petal + + + + & + +
leaf + + X

Purple V. breviflora® petal X X X
leaf X X X

2 V. breviflora was only analyzed with HPLC-UV.

b Trace amounts of anthocyanins were found in I. gesnerioides leaves in MS chromatograms.
¢ Compound numbers associated with compounds: kaempferol (2), quercetin (3), myricetin (4), pelargonidin (5), cyanidin (6), peonidin (7), delphinidin (8), petunidin (9),

malvidin (10).
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Fig. 2. Species averages of flavonoid aglycone quantities in petals and leaves. Each species is represented by its floral color and in the following order from left to right: purple
(L parvifolium, I. cyaneum, I. grandiflorum, L. australe, V. breviflora), red (I fuchsioides, I. gesnerioides), orange (I. edule), and white (L loxense). Error bars represent two standard errors
of the mean. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and flavonols were not found because leaves largely lacked
anthocyanin production (Table 1).

In addition to the expected correlations between flavonoids
having the same hydroxylation level, correlations were observed
across hydroxylation types within tissues. For example, a strong
positive correlation was observed between monohydroxylated and
dihydroxylated flavonols in petals (r = 0.78; Table 2). Leaves dis-
played an even stronger correlation between these two classes of
flavonols (r = 0.96, Table 2). This covariation may be related to the
shared regulatory factors controlling their production (Pollastri and
Tattini, 2011; Ryan et al., 2002; Stracke et al., 2010).

2.5. Correlations among flavonoid hydroxylation groups between
floral and leaf tissues

Few correlations between floral and leaf flavonoids were
observed, either within or across hydroxylation levels. Within hy-
droxylation levels, individuals with higher production of petal
dihydroxylated anthocyanins also tended to produce dihydroxy-
lated flavonols in their leaves (r = 0.60; Table 2). Across hydroxyl-
ation groups, individuals with higher amounts of petal
dihydroxylated anthocyanins showed higher amounts of leaf
monohydroxylated flavonols (r = 0.54, Table 2). Overall, these
correlations in flavonoid production across tissues were weaker

Please cite this article in press as: Berardi, A.E., et al., Evolutionary correlations in flavonoid production across flowers and leaves in the
Iochrominae (Solanaceae), Phytochemistry (2016), http://dx.doi.org/10.1016/j.phytochem.2016.05.007




A.E. Berardi et al. / Phytochemistry xxx (2016) 1-9

A B
PC Scores PC Biplot
0.6 m | Species |
i 04 Pbtal Mono Aniho
u [ fuchsioides Petal Tri Flav
044 @ o |. gesnerioides
° ] ; randiflorum
a [. loxense i
e  |. parvifolium 029 ° af Di Flav
* V. breviflora
e ° = 3 Petal Tri A
o i o f Mono Flav
L]
A
0.0+ 0.0
]
- A
* tal Di Antho
-0.21 g TA Petal Di Flav Leaf Tri Antho
—-0.2+
4 Petal Mono Flav
-0.6 -0.3 0.0 0.3 0.6 -0.4 -0.2 0.0 0.2
PC2 PC2

Fig. 3. A: Phylogenetic PC2 and PC3 scores show qualitative differences in the flavonoid profile of the Iochrominae. Species with the same floral color tend to cluster, suggesting
that, while controlling for the influence of shared ancestry, species with similar floral color have similar biochemical composition in leaves and petals. B: Biplot of phylogenetic PC2
and PC3 depicting the PC loadings and directions for the quantitative flavonoid dataset. Each variable name has three components: the level of B ring hydroxylation of the flavonoid
(monohydroxylated, dihydroxylated, or trihydroxylated as mono, di, or tri), anthocyanin (“Antho”) or flavonol (“Flav”), and the tissue (petal or leaf).

Table 2

Phylogenetic correlation matrix generated by pPCA analysis of 26 individuals from nine species. The phylogenetic signal (A) estimated for the dataset was 0.342. The upper
diagonal is bolded for . = 0.05 after Bonferroni correction, and the lower diagonal bolded for a = 0.05 without the correction. Each variable is labeled by its three components:
the tissue type (petal or leaf), the level of hydroxylation of the flavonoid (mono-, di-, or trihydroxylated as mono, di, or tri), and the flavonoid type: anthocyanin or flavonol
(“antho” or “flav”). Flavonoids of the same level of hydroxylation are outlined in boxes. Numbers in italics are comparisons within the same tissue. Note that trihydroxylated
leaf flavonols were not found.

Petal Petal Leaf Petal Petal Leaf Petal Petal Leaf

Mono Mono Mono Di Di Di Tri Tri Tri

Antho Flav Flav Antho Flav Flav Antho Flav Antho
Petal Mono Antho 1 -0.15 0.16 -0.13  -0.18 0.25 0.14  -0.04 -0.04
Petal Mono Flav -0.15 1 0.42 0.40 0.78 0.29 0.13 0.00 -0.19
Leaf Mono Flav 0.16 0.42 1 0.54 0.44 0.96 0.04 -0.05 -0.05
Pel. Bi Auihi 013 040 054 1 068 060 | 022  -008 007
Petal DiFlav -0.18 0.78 0.44 0.68 1 0.46 0.22 0.13 -0.20
Leaf Di Flav 0.25 0.29 0.96 0.60 0.46 1 0.06 -0.03 -0.04
Petal Tri Antho -0.14 0.13 0.04 0.22 0.22 0.06 1 0.52 -0.17
Petal Tri Flav -0.04 0.00 -0.05 | -0.08 0.13 -0.03 0.52 1 -0.15
Leaf Tri Antho -0.04 -0.19 -0.05 -0.07 -0.20 -0.04 -0.17 -0.15 1

than those observed within tissues.

3. Discussion

This survey of flavonoids in the lochrominae revealed that the
diverse array in flower colors in this clade arises from a similarly
diverse set of anthocyanin pigments. Given that the synthesis of
different classes of flavonoids is mediated by some of the same
enzymatic steps and transcriptional regulators, it can be pre-
dicted that this floral variation in anthocyanins would be asso-
ciated with variation in other flavonoids. Indeed, the analyses
here show that changes in floral anthocyanins were significantly
correlated with changes in floral flavonols, particularly those
with the same B ring hydroxylation pattern (e.g., dihydroxylated
anthocyanins and dihydroxylated flavonols). Correlations were
also found among flavonoids within leaves in species where both
anthocyanins and flavonols were present. Nonetheless, differ-
ences in floral flavonoids were only weakly correlated between
flowers and leaves.

3.1. Iochrominae flavonoid composition

The survey herein revealed a general correspondence between
the color of the flower and the type of anthocyanin present. While
the purple-flowered species produce largely or exclusively the
‘purple’ trihydroxylated delphinidin-based (8) anthocyanins, the
red-flowered species produce ‘red” ~monohydroxylated
pelargonidin-based (5) anthocyanins (Table 1; Fig. 2). The form of
I edule sampled here contains only cyanidin (6) pigments, but ap-
pears orange because of the joint expression of yellow carotenoids
(Ng and Smith, 2016). Finally, the white-flowered I loxense was
found to contain no anthocyanins. This correspondence between
flower color and anthocyanin composition is similar to that
observed in other Solanaceae (Bar-Akiva et al., 2010; Eich, 2008)
and other clades of flowering plants (Wessinger and Rausher, 2012).
However, this pattern is not universal. In particular, many red-
flowered taxa are colored by di- or trihydroxylated anthocyanins
but appear red due to reduced vacuolar pH or the presence of
yellow-orange carotenoids (Ando et al., 1999; Beale et al., 1941;
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Griesbach et al., 1999; Ng and Smith, 2016).

In addition to anthocyanins, the lochrominae produced all three
types of flavonols, with quercetin (3) and kaempferol (2) glycosides
being the most common. This observation is in accord with previ-
ous surveys (Eich, 2008), which have highlighted the rarity of tri-
hydroxylated myricetin-based flavonols (4). In the Iochrominae,
myricetin (4) was present only in the purple flowered species,
which also make trihydroxylated anthocyanins. Thus, the presence
of myricetin (4) glycosides in purple flowers may be a pleiotropic
effect of high F3/5'H activity (Fig. 1).

Finally, flavones were not detected in any species, suggesting
that this class of flavonoids is not a major component of the
metabolite profile of leaves and flowers in the Iochrominae. Fla-
vones appear to be less common in Solanaceae as a whole (Eich,
2008) and were not found in previous flavonoid analysis in
I gesnerioides (Alfonso and Kapetanidis, 1994). Nonetheless,
Wollenweber et al. (2005) found flavones in the leaf exudate of
I australe (note that exudate was not sampled in the current study).
Future studies with additional taxa and tissues or using different
environmental conditions may uncover greater flavone diversity.

3.2. Within-tissue correlations

The second aim of our studies was to determine whether tran-
sitions in floral anthocyanins lead to correlated changes in other
floral flavonoids. In particular, it was predicted that shifts between
hydroxylation levels in anthocyanins would result in parallel shifts
in hydroxylation level for the flavonols. This prediction was sup-
ported for the di- and trihydroxylated forms, e.g. species with more
trihydroxylated anthocyanins produce higher amounts of trihy-
droxylated flavonols. However, increases in the monohydroxylated
pelargonidin-based (5) anthocyanins in red flowered species did
not lead to increases in monohydroxylated flavonols (kaempferol
derivatives, 2). This is surprising because red flowered Iochroma
lack F3'H and F3'5'H expression (Smith and Rausher, 2011), which
should favor the accumulation of kaempferol (2) in addition to
pelargonidin (5). However, both of the red species produce very
small amounts of any flavonols in petals (Fig. 2). One possible
explanation is the functional specialization of DFR (dihydroflavonol
reductase, Fig. 1) involved in the evolution of pelargonidin (5)
production. In red-flowered Iochroma species, DFR has evolved
specificity for dihydrokaempferol (DHK, the pelargonidin precur-
sor) over the other dihydroflavonol substrates (Smith et al., 2013).
In this process, DFR may have gained the ability to outcompete FLS
(flavonol synthase, Fig. 1) for DHK. Additional studies examining
both DFR and FLS activity would be needed to test this hypothesis.

In addition to the predicted correlated shifts among anthocya-
nins and flavonols at the same hydroxylation level, significant
correlations were found across hydroxylation levels. For example,
species that produce higher amounts of dihydroxylated flavonols
(quercetin derivatives, 3) also have higher levels of mono-
hydroxylated flavonols (kaempferol derivatives, 2). This may be
related to the stepwise structure of the pathway, where the pre-
cursor of kaempferol (DHK) must be made in order to produce the
precursor of quercetin (DHQ). Given this structure, we would
expect that at least some kaempferol (2) would be produced
whenever quercetin (3) in produced, so long as FLS is efficient on
both DHK and DHQ as substrates. This pattern of joint production of
quercetin (3) and kaempferol (2) is found in many taxa in addition
to Iochroma (Berger et al., 2007; Bidel et al., 2015; Griesbach and
Asen, 1990; Kuhn et al., 2011).

3.3. Correlated production across tissues

Compared with the strong correlations in flavonoid production

within tissues, relatively independent variation between flowers
and leaves was observed. Despite major shifts in floral anthocyanin
composition associated with flower color transitions, leaf
biochemistry was relatively constant across the group (Fig. 2). Most
species, with the exception of V. breviflora, produce only flavonols in
leaves. The mono- and dihydroxylated flavonols (kaempferol and
quercetin; 2, 3) were found in leaves of all of the species, regardless
of the type of anthocyanins or flavonols found in petals (Table 1).
This pattern could reflect tissue-specific differences in flavonoid
gene regulation, which have been documented in Iochroma (Smith
and Rausher, 2011) along with many other plant groups (e.g., (Des
Marais and Rausher, 2010; Streisfeld and Rausher, 2009)). However,
these results may also relate to the specific conditions under which
the plants were grown in this study (see Section 5.1). For example,
more stressful growing conditions might have led to increased
vegetative anthocyanin production (Warren and Mackenzie, 2001)
and revealed greater associations between the types of flavonoids
produced in leaves and in flowers.

4. Conclusions

Evolutionary studies of flavonoid production have largely
focused on changes in floral anthocyanins, which are key contrib-
utors to floral hue (Hopkins and Rausher, 2011; Rausher, 2008;
Smith and Rausher, 2011; Wessinger and Rausher, 2014; Whittall
et al., 2006). This study shows that these shifts in floral anthocya-
nins can result in correlated changes in floral flavonols, particularly
those at the same hydroxylation level. These correlations are pre-
dictable based on the structure of the pathway given that the
expression of the hydroxylating enzymes (F3'H and F3’5’H) pro-
vides precursors for both types of flavonoids. The changes in floral
biochemistry did not result in strongly correlated variation in leaf
biochemistry, a pattern that may reflect independent regulation of
the pathway in these tissues. Nonetheless, flavonoid production is
strongly influenced by abiotic and biotic factors, such as UV stress
and herbivory (Gaudinier et al., 2015; Strauss and Whittall, 2006).
Thus, additional exploration of floral and leaf composition under
multiple growing conditions would clarify the generality of this
finding.

5. Experimental
5.1. Sample preparation and extraction

Nine species from two genera, Iochroma and Vassobia, were
studied that represent the full range of floral colors produced by the
Iochrominae (Supplementary Table 1). Leaf and corolla tissue were
collected in September 2014 from greenhouse-grown individuals at
the University of Colorado — Boulder (Supplementary Table 1).
Plants were grown under natural light in two-gallon pots in Fafard
3 M Mix soil (Conrad Fafard), fertilized weekly with an all-purpose
20-20-20 fertilizer (JR Peters, Inc.), and watered daily or as needed.

All nectar was removed and tissues were patted dry before be-
ing placed in individual small plastic bags filled with silica (Flower
Drying Art silica gel, #2610, Activa Products Inc.). Samples were
dried on silica for approximately 2 weeks at room temperature in
darkness. To prepare samples for metabolite profiling, individual
dried tissues were removed from the silica, and any remaining
powder was brushed off with a small paintbrush. Dried tissues
were weighed and ground to fine powders, taking care to not
overheat the tissue. One vial of silica gel was also prepared for
extraction in order to control for possible silica contaminants in the
plant extracts.

In order to determine the range of compounds that were present
in the Iochrominae, we employed UPLC-ESI-QTOF-MS. We then
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used HPLC-UV on a larger set of species and individuals to quantify
known aglycone compounds from hydrolyzed samples. To prepare
extracts for both analyses, an aliquot of flavonoid extraction buffer
(99% MeOH (Spectrum Chemicals), 1% HCO,H (Sigma-Aldrich), v/v,
MS grade) of 18 pl per mg of dry tissue was added to each sample
and vortexed to mix. Samples were centrifuged at 18,000x g for
1 min so that all tissue was submerged in the extraction buffer.
Samples were sonicated in a water bath for 10 min at room tem-
perature, and then re-centrifuged at 18,000x g for 10 min to create a
dense pellet of tissue. Two aliquots were taken from each super-
natant: 100 pl for UPLC-MS and 200 ul for HPLC-UV. All aliquots
were dried under nitrogen gas and stored at —20 °C.

5.2. Qualitative UPLC-MS

Dried extracts were resuspended in MS-grade H,0 containing
0.1% HCO,H (Sigma-Aldrich, v/v): CH3CN (Spectrum Chemicals)
(100 ul, 90:10 v/v). Samples were sonicated and centrifuged at
10,000x g for 10 min to remove particulate matter and insoluble
compounds. An aliquot of the supernatant (50 pl) was transferred
into an autosampler vial. Petal and leaf “master mixtures” were
created by pooling aliquots (2 pl) from each petal and leaf sample,
respectively. Untargeted profiling of the extracts was performed
using a Waters Acquity I-Class UPLC (Waters Corp.) fitted with a
BEH Acquity C18 reversed phase column (2.1 x 50 mm, 1.7 pM)
(Waters Corp) and coupled with a Synapt-G2S-HDMS (ESI-QTOF)
(Waters Corp.). The binary solvent system was A: H,O containing
0.1% HCO,H and B: CH3CN with 0.1% HCO,H. The UPLC autosampler
sample chamber was kept at 8 °C, column temperature 35 °C, and
the flow rate was 0.2 mL/min with an injection volume of 1 ul. A
15 min gradient with a linear ramp was established with the
following conditions: 0—1 min 99% A, 1—7 min 99—70% A, 7—12 min
70—-5% A, 12:30—13 min hold at 5% A, 13—14:30 min 99% A.

Samples were analyzed in high-resolution MSE mode in both
positive and negative ion mode with data collection in centroid
mode. The MS parameters were the same for both modes with the
exception of the capillary voltage of 3.0 kV in positive and 2.4 kV in
negative mode, 50—1800 m/z scan range, 40 V cone voltage, 80
source offset, 120 °C source temperature, 350 °C desolvation tem-
perature, 500 L/hr desolvation gas flow, 50 L/hr cone gas flow, 6 Bar
nebulizer gas flow, low energy 4 transfer/2 trap, high energy ramp
10—45 transfer/2 trap, and a cycle time of 0.2 s for both high and
low energy scans. Lockmass (1 ng/mL leucine encephalin (Waters
Corp.)) was infused at 5 pl/min and scanned every 20 s with a cycle
time of 0.2 s. Each sample was injected twice for technical
replication.

Targeted MS? was performed to obtain fragmentation patterns
of the aglycone flavonoid and anthocyanin compounds to aid in
identification of isobaric compounds. The MS? parameters were
identical to the positive mode conditions above, with the exception
of increased cone voltage (65 V) and scan time (0.5 s) designed to
increase aglycone formation due to breakage of glycosidic bonds
and obtain pseudo-MS? analysis of the flavonoid aglycone. Indi-
vidual runs were performed with both leaf and petal master mixes
and data was collected for the entire 15 min period. Target masses
for common flavonoid aglycones used were: 271.06 (pelargonidin,
apigenin; 5, 16), 287.06 (cyanidin, kaempferol, luteolin; 6, 2, 17),
301.07 (peonidin, 7), 303.05 (delphinidin, quercetin, tricetin; 8, 3,
18), 317.07 (petunidin, isorhamnetin; 9, 19), 319.05 (myrcetin, 4),
331.08 (malvidin, 10). Collision energies were ramped from 10 to
45 V. The following chemical standards were analyzed with tar-
geted MS? parameters for comparison to unknowns: delphinidin
(8), cyanidin (6), pelargonidin (5), malvidin (10), peonidin (7),
petunidin (9), tricetin (18) (Extrasynthese; Genay, France);
kaempferol (2), quercetin (3), myricetin (4), isorhamnetin (9),

chlorogenic acid (11) (Sigma Aldrich); luteolin (17), and apigenin
(16) (Cayman Chemical; Michigan, USA). Chemical structures of
compounds 11—19 are found in the Supplementary Materials.

Flavonols, flavones, and anthocyanins frequently have the same
masses, so compound identification of the flavonoids was per-
formed essentially as described by Abranké and Szilvassy (2015). A
detailed explanation of compound identification is also provided in
the Supplementary Materials (Supplementary Figs. 5 and 6).
Assignment of the parent masses and glycosylation patterns were
performed using the low-energy and high-energy MSE data,
respectively. The high energy fragmentation data provided the
aglycone flavonoid or anthocyanin, which were matched to the
fragmentation of authentic standards and publicly available
spectra: KNaPSacK, MassBank, Metlin, and ReSpect, (Afendi et al.,
2012; Horai et al., 2010; Sawada et al., 2012; Smith et al., 2005).
The identification of phenolamides was performed through
matching MSE fragmentation patterns to the previously mentioned
publicly available databases. In order to determine the distribution
of the identified compounds within the lochrominae samples,
chromatograms were imported into MarkerLynx XS (Waters Corp.)
for chromatogram alignment, feature identification and determi-
nation of peak areas. A chromatogram of the floral “master
mixture” is provided in the Supplementary materials
(Supplementary Fig. 3). Additionally, chromatograms from the sil-
ica gel bead extraction were analyzed qualitatively and it was
determined that peaks related to the silica gel did not co-elute with
flavonoid or phenolic peaks (Supplementary Fig. 3).

5.3. HPLC-UV analysis of flavonoid aglycones

Hydrolyzing flavonoids can often help in identifying their rela-
tive quantities, as there are fewer opportunities for co-
chromatographing glycosides and isomers. The major flavonoids
identified in the qualitative UPLC-MS were hydrolysable (o-vs c-
glycosylated), so the resulting flavonoid aglycones were quantified.
The dried aliquots of the methanolic extract that had been used for
UPLC-MS were further extracted as outlined in Harborne (1998).
Modifications to the Harborne (1998) protocol were made as fol-
lows: samples were incubated in screw cap tubes (2 mL) in a dry
heating block at 95 °C for 60 min. EtOAc (400 ul x 2) was added to
each sample, vortexed, and centrifuged for 1 min at 16,000x g. The
EtOAc supernatants were removed and evaporated under a stream
of air for flavone and flavonol aglycone analysis. Next, isoamyl
alcohol (150 ul x 2) was added to the original 2 N HCl extract,
vortexed as a whole, and centrifuged as above. The isoamyl alcohol
supernatants were then removed and evaporated under a stream of
air for anthocyanidin aglycone analysis. Additional Iochrominae
biological replicates and one additional species (Vassobia breviflora)
were collected in the CU Boulder greenhouse in April 2015 to
supplement the sample set used for MS analysis (Supplementary
Table 1) for a total of nine species and 27 samples. The samples
were collected and dried as described above, and pre-soaked
overnight in 2 N HCl before extracting with the modified Har-
borne protocol.

Dried extracts were resuspended in MeOH:HCI (200 ul, 99:1, v/
v). Injections (10 pl) were analyzed with an Agilent Infinity 1260
Infinity Series high performance liquid chromatography system
with a 100 x 4.6 mm Chromolith Performance RP-18 endcapped
column (EMD Chemicals, Darmstadt, Germany). Anthocyanidins
were separated by gradient elution at a flow rate of 1.1 mL/min at
30 °C using solvents A (HPLC-grade H,0 containing 2% CF3CO,H)
and B (1-propanol, 0.1% CF3CO,H) with the following protocol:
0—3 min 0% B, 3—8 min 7% B, 8—15 min 13% B, 15—18 min 15% B,
18—19 min 17% B, 19—20 min 27.5% B, 20—21 min 90% B, 21—27 min
95% B, instantaneous decrease to 0% B at 28 min, isocratic at 0% B
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from 28 to 30 min. Peaks were detected at 520 and 540 nm with a
photo diode array detector (PDA), scanning from 200 to 600 nm at a
step of 2 nm. Anthocyanidins were identified by comparison with
standard solutions of delphinidin (8), cyanidin (6), pelargonidin (5),
malvidin (10), peonidin (7), and petunidin (9) from Extrasynthese
(Genay, France).

Non-anthocyanidin flavonoids (flavonols, flavones, etc.) were
separated following Repollés et al. (2006) with a few modifications.
We used a gradient elution at a flow rate of 2.0 mL/min at room
temperature using solvents A (H,0 with 0.1% CF3CO,H), B (MeOH
with 0.05% CF3CO,H) and C (CH3CN) with the following protocol:
starting conditions were 75% A, 25% B, 0—1.5 min 57.5% A, 35% B,
7.5% C,1.5—9 min 60% A, 40% B, 9—15 min 40% A, 60% B, returning to
starting conditions after 15 min. Peaks were detected at 365 nm,
with the PDA scanning from 190 to 400 nm at a step of 2 nm. Fla-
vonols and flavones were identified by comparison with standard
solutions of kaempferol (2), quercetin (3), myricetin (4) (Sigma
Aldrich), luteolin (17), apigenin (16) (Cayman Chemical; Michigan,
USA), and tricetin (18) (Extrasynthese; Genay, France).

Chromatograms were visualized using Agilent ChemStation
for LC 3D Systems (Rev. B0403, Waldbronn, Germany). Peaks
were identified by comparison to retention time and UV spectra
of chemical standards. Quantification of each compound was
conducted by creating a dilution series of a standard compound
of each flavonoid aglycone (the same standards were used from
the MS experiment). Peaks were integrated in ChemStation using
peak area, and compared to the generated standard curve. Con-
centrations were then converted to mg of flavonoid to mg of
dried tissue.

5.4. Comparative and correlative analyses among hydroxylation
levels of flavonoid compounds

To assess associations among flavonoid hydroxylation levels,
aglycone compound concentrations were binned as mono-
hydroxylated, dihydroxylated, or trihydroxylated compounds per
class (anthocyanidin or flavonol) and per sample. The effects of
shared ancestry on phenotypic variance were controlled for by
taking a comparative approach to the analysis of multiple species. A
previously published three-gene phylogeny of the Iochrominae
(Muchhala et al., 2014) was pruned to the nine taxa in this study in
Rv3.2.0 (Team, 2015) using phytools (Revell, 2012). Individual-level
variation was incorporated by splitting each tip (species) into a
polytomy with one short branch (1/100 the length of the sub-
tending branch) for each sampled individual (Supplementary
Table S1). Phylogenetic principal components analysis (pPCA) was
then used to determine whether the quantitative flavonoid agly-
cone profiles of the Iochrominae petals and leaves clustered by
floral color, and to assess correlations among compounds across
species (Ackerly and Donoghue, 1998). Specifically, the “phyl.PCA”
function in phytools was used on the leaf and petal flavonoid
aglycone concentrations for each sample with eigenvalue decom-
position of the correlation matrix and phylogenetic signal estima-
tion using Pagel’s A (Pagel, 1999). Optimizing A, instead of using a
Brownian motion model, is recommended for pPCA when there are
strong correlations among traits (as is often the case with metab-
olomic data) (Uyeda et al., 2015). The phylogenetic correlation
matrix from the pPCA was examined for broad patterns of signifi-
cant positive or negative correlations among the compounds in the
data. The pPCA results were qualitatively examined using biplots of
the first three PCs. Correlations among the flavonoid hydroxylation
groups were examined within and among tissues by referencing
the phylogenetically corrected correlation matrix generated by the
pPCA.
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