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Abstract

Anthocyanins have long been suggested as having great potential in offering photoprotection to plants facing high
light irradiance. Nonetheless, their effective ability in protecting the photosynthetic apparatus from supernumerary
photons has been questioned by some authors, based upon the inexact belief that anthocyanins almost exclusively
absorb green photons, which are poorly absorbed by chlorophylls. Here we focus on the blue light absorbing
features of anthocyanins, a neglected issue in anthocyanin research. Anthocyanins effectively absorb blue photons:
the absorbance of blue relative to green photons increases from tri- to mono-hydroxy B-ring substituted structures,
reaching up to 50% of green photons absorption. We offer a comprehensive picture of the molecular events
activated by low blue-light availability, extending our previous analysis in purple and green basil, which we
suggest to be responsible for the “shade syndrome” displayed by cyanic leaves. While purple leaves display
overexpression of genes promoting chlorophyll biosynthesis and light harvesting, in green leaves it is the genes
involved in the stability/repair of photosystems that are largely overexpressed. As a corollary, this adds further
support to the view of an effective photoprotective role of anthocyanins. We discuss the profound morpho-
anatomical adjustments imposed by the epidermal anthocyanin shield, which reflect adjustments in light harvesting
capacity under imposed shade and make complex the analysis of the photosynthetic performance of cyanic vs

acyanic leaves.

KEY WORDS: blue light, cyanic vs acyanic leaves, epidermal anthocyanins, photoprotection, photosynthesis,

red light, shade avoidance responses, transcriptomics.

1 INTRODUCTION
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Whether epidermal anthocyanins offer effective protection to plants facing excessive light is still a debated issue
(for review articles, see Hughes, 2011; Manetas, 2006; Landi, Tattini, & Gould, 2015; Steyn, Wand, Holcroft, &
Jacobs, 2002). There are several reasons responsible for this continued discussion. Although anthocyanins
effectively absorb photons over a wide portion of the photosynthetic spectrum, many experiments comparing light
stress responses of red versus green leaves lack true controls, and therefore many gaps in our understanding of
photoprotection remain (Gould, Jay-Allemand, Logan, Baissac, & Bidel, 2018; Tattini et al., 2017). First, juvenile
red leaves or leaves that become transiently red during the winter season (so-called “winter reddening”) have been
compared to co-occurring mature green (often shaded) leaves in many instances (Hughes, Neufeld, & Burkey,
2005; Kytridis, Karageorgou, Levizou, & Manetas, 2008; Ranjan, Singh, Singh, Pathre, & Shirke, 2014; Zeliou,
Manetas, & Petropoulou, 2009; Zhang et al., 2018). This is problematic because many traits other than the
biosynthesis of anthocyanins may largely vary between cyanic and acyanic leaves because of leaf age, season, and
the light environment (Rasulov, Bichele, Laisk, & Niinemets, 2014; Tattini et al., 2014). Second, the light
irradiance at which plants have been grown differs strikingly among studies. In some instances, plants acclimated
to relatively low irradiance (greenhouse/growth chamber studies) have been suddenly and transiently exposed to
excessive light (Gould et al., 2018; Landi, Guidi, Pardossi, Tattini, & Gould, 2014; Logan, Stafstrom, Walsh,
Reblin, & Gould, 2015). Other studies have instead compared cyanic and acyanic individuals exposed for long
periods to high light irradiance in the field (Liakopoulos et al., 2006; Tattini et al., 2017; Zhang, Zhong, Wang,
Sui, & Xu, 2016). Third, there is the general, inexact belief that anthocyanins are effective in absorbing photons
over the green region (over the 500-550 nm waveband), but quite ineffective in absorbing photons over other
portions of the visible solar spectrum (Hughes, 2011; Kyparissis, Grammatikopoulos, & Manetas, 2007; Steyn et
al., 2002). It has been argued, therefore, that anthocyanins may play only a marginal role in photoprotection

(Liakopoulos et al., 2006; Neill & Gould, 1999; Nikoforou, Nikopoulos, & Manetas, 2011), given the fact that
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chlorophylls mostly absorb over the blue (400-500 nm) and the red (600-700 nm), but relatively little over the
green portion of the solar spectrum. Nonetheless, light-induced depression in both maximal (F./Fm) and operational
(Dpsn) photosystem 11 (PSII) quantum yield is lower in cyanic compared to acyanic leaves over a broad range of
species (Gould et al., 2018; Hughes & Smith, 2007; Landi et al., 2014; Tattini et al., 2017). There is also evidence
that photoinhibition (Long, Humphries, & Falkowski, 1994), estimated from morning-to-midday depression in
photosynthesis, is lower in “constitutively” cyanic leaves (leaves that remain red throughout their entire life cycle)
as compared to their green counterparts (Tattini et al., 2014; 2017). Therefore, it is conceivable the photoprotective
functions of anthocyanins mostly depend upon their effective ability to absorb blue photons (and red photons to a
lesser degree, Fig. 1A), though they have molar extinction coefficient (€) maxima in the 510-540 nm waveband
(Jordheim et al., 2016; Merzlyak, Chivkunova, Solovchenko, & Naqvi, 2008; Tattini et al., 2014; Gould et al.,

2018).

Cyanic leaves (and individuals) display the so-called ”shade syndrome” (Manetas, Petropoulou, Psara, &
Drinia, 2003; Tattini et al., 2014), a suite of correlated traits aimed at both avoiding and acclimating to low light
availability. Notably, the shade avoidance responses in leaves and individuals are induced by high green light
availability (Dhingra, Dies, Lehner, & Folta, 2006; Wang & Folta, 2013; Smith, McAuslan, & Murchie, 2017), as
is the case of leaves growing in the understory (true shade leaves), which perceive light strongly enriched in green
...J far-red (FR) wavelengths. Indeed, green light stimulates early stem elongation, and opposes responses to blue-
and red light-activated signaling pathways (e.g. blue/red light-induced stomatal opening, Folta & Mahrunic, 2007).
Similarly, transcripts of genes encoding for light-induced proteins associated to PSI, PSII and the stroma (such as
psaA, psbD, and rbcL, Christopher and Mullet, 1994; Folta & Kaufmann, 2003; Nakamura et al., 2003) are largely
downregulated upon a pulse of green light (Dhingra et al., 2006; Wang & Folta, 2013). We conclude, therefore,

that the “shade syndrome/nature” of cyanic leaves does not fit with the “green absorbing” features of anthocyanins.
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We also argue that the shade nature of cyanic leaves is unlikely to be the result of the UV-screening ability of
anthocyanins, which may be considerable for anthocyanins acylated with hydroxycinnamic acid derivatives
(Jordheim et al., 2016; Tattini et al., 2014; Fig. S1 in Supporting Information). Effective UV-absorbing
compounds, such as the colorless flavonols, accumulate more in high-light exposed green leaves compared to their
corresponding red counterparts (Tattini et al., 2014; 2017), consistent with the strong competition between flavonol
and anthocyanin biosynthetic pathways (Yuan, Rebocho, Sagawa, Stanley, & Bradshaw, 2016). The lower UV-
absorbing potential of red compared to green leaves should indeed oppose the shade avoidance response (Hayes,

Velanis, Jenkins, & Franklin, 2014; Mazza & Ballare, 2015).

On the other hand, the ability of anthocyanins in absorbing over the red waveband, thus reducing the red

(R) to far-red (FR) ratio (R/FR), as occurs when leaves grow under a dense canopy (Franklin, 2008), may be
responsible for the shade syndrome displayed by cyanic leaves. The absorption spectra of anthocyanins, especially
when conjugated with “colorless” flavonoids (so-called co-pigmentation, Trouilas et al., 2016) may have an
appreciable tail over the 600-630 nm waveband (Gould et al., 2018; Jordheim et al., 2016; Fig. 1A). Since the
epidermal concentration of colorless flavonoids is high enough (low mM range, Agati & Tattini, 2010) even in red
leaves growing in natural sunlight (Tattini et al., 2014, 2017), co-pigmentation is strongly favored (Mazza &
Brouillard, 1990). The extent to which the “red-absorbing” properties of anthocyanins contribute to the shade
didance responses in cyanic leaves represents a still unexplored issue of great significance, given that
anthocyanins may alter to some extent the R/FR in some species (Fig. 1B). The ability of anthocyanins to absorb
red wavelengths, and hence their ability to modulate the photochemical activity of phytochromes, increases with
their concentration, the degree of B-ring hydroxylation and the nature of acyl substituents (Merzlyak et al., 2008,

Figs. 1B, Fig. S1 in Supporting Information). This matter deserves deeper investigation, since true shade leaves
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may experience R/FR ratios even an order of magnitude lower than those perceived by leaves growing in full

sunlight (Fankhauser & Batschauer, 2016).

The functional significance of blue-light absorption by epidermal anthocyanins was emphasized early on
(Chalker-Scott, 1999; Drumm-Herrell & Mohr, 1985, Feild, Lee & Holbrook, 2001), but largely ignored thereafter.
However, anthocyanins have an effective ability to absorb photons over the blue portion of the solar spectrum
(Fig. 1). This capacity depends on both the number of hydroxyl groups on the B-ring of the flavonoid skeleton
(with the monohydroxy B-ring substituted structures, e.g. pelargonidin, having the highest blue to green
absorbance ratio, Rein, Ollilainen, Vahermo, Yli-Kauhaluoma & Heinonen, 2005; Halbwirth, 2010) and
substituents bound to the glycosyl moieties (i.e. different acylations, Fig. S1 in Supporting Information). For
instance, red stems of Cornus stolonifera transmitted just 25% of blue light as compared to green stems (Cooney,
Schafer, Logan, Cox, & Gould, 2015; Gould, Dudle, & Neufeld, 2010). Blue light absorption by the epidermal
peel of activation-tagged papl1-D (production of anthocyanin pigment 1- Dominant) mutant of Arabidopsis was as
much as 70% of the absorbance over the green-yellow waveband (Gould et al., 2018). The blue absorbance (over
the 450-500 nm blue-waveband) of epidermal anthocyanins (the pool consisting of the 3-O-glucosides of both
pelargonidin and cyanidin, and p-coumaroyl derivatives of cyanidin 3-O-glucoside) extracted from purple basil
leaves grown in full sunlight was as much as 73% of the absorbance over the 500-550 nm green-waveband (Tattini

al., 2014). Notably, the in vivo absorbance of vacuolar anthocyanins (measured using micro-spectrophotometry)
over the blue waveband was on average 50% of that within the green waveband in a range of reddish species

(Merzlyak et al., 2008).

The decline in blue photons reaching the photosynthetic apparatus limits the efficient use of incident
radiant energy for photosynthesis and imposes on cyanic leaves a profound adjustment in the light harvesting

system (Horton, 2012; Ruban, 2018). Consistently, cyanic leaves have much greater concentration of chlorophylls
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(Chl), a significantly lower Chla to Chib ratio (Chla/Chlb) and usually display lower photosynthetic rates than the
green counterparts (Gould, Vogelmann, Han, & Clearwater, 2002; Menzies et al., 2015; Zhang et al., 2018), unless
when exposed to high solar irradiance for an extended period of time (Liakopoulos et al., 2006;; Tattini et al.,
2014; 2017) or in the case of abaxial anthocyanins (Hughes et al., 2014). These observations clearly explain the
shade nature displayed by cyanic leaves, even when growing in full sunlight (Manetas et al., 2003; Hughes et al.,
2005; Tattini et al., 2017; Zeliou et al., 2009). In fact, red leaves are thinner with less compact mesophyll tissues
and a lower proportion of palisade to spongy parenchyma with respect to green leaves (Boardmann, 1977; Franklin,
2008; Manetas et al., 2003; Kyparissis et al., 2007; Tattini et al., 2014). The shade nature of cyanic leaves is also
manifested through a lower concentration of de-epoxided xanthophylls, and consequently, by a lower potential (or
by a lower need, Tattini et al., 2017) to dissipate excess energy via nonphotochemical quenching (NPQ) compared

to green leaves, irrespective of light availability (Landi et al., 2015; Tattini et al., 2014).

Here we focus on the suite of molecular events, which operate at very different levels of scale (from
cellular to organism, up to whole-plant levels), and that follow blue light absorption by epidermal anthocyanins.
We offer clear evidence that the blue-light absorbing properties of anthocyanins largely contribute to the shade
nature of cyanic leaves/individuals. As a corollary, this strongly supports the view of an effective photoprotective
role of anthocyanins that is consistent with the notion that blue light contributes substantially to the action spectrum

- photodamage (Takahashi et al., 2010). We cannot exclude the fact that anthocyanins contribute to the shade
syndrome by both decreasing the R/FR and potentially altering the cryptochrome/phytochrome-mediated signaling
pathways. However, this issue lacks substantial experimental evidence and, hence, will only be briefly discussed

in this article.
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2 DISSECTING MOLECULAR EVENTS AT THE BASE OF THE SHADE NATURE OF

CYANIC LEAVES

Low blue light availability evokes shade avoidance responses similar to those induced by low R/FR (Sellaro et al.,
2010; Pedmale et al., 2016), and the cellular reprogramming caused by blue light depletion may be even larger
than in response to a decrease in R/FR (Ballare & Pierik, 2017; Ballaré, Scopel, & Sanchez, 1990). Plants are very
sensitive to changes in blue light irradiance, as up to 26% of gene expression varies in response to blue light, even
on a very short time-scale (Jiao et al., 2003). This conforms to the notions that low blue light is an indicator of
actual shading, whereas plants use the reduction in R/FR as an early warning signal of future competition (Ballaré
etal., 1990; Keuskamp, Keller, Ballare, & Pierik, 2012). As outlined above, anthocyanins are capable of strongly
affecting cryptochrome- and, to a lesser extent, phytochrome-mediated signaling pathways (Fig. 1B). This
conflicts with the hypothesis that the reason anthocyanins absorb green light is so that they can be accumulated in
high concentrations without affecting signaling processes controlled by phytochrome and cryptochrome (McClure,
1975). The blue light absorbing properties of anthocyanins are therefore of extreme value when both exploring
response mechanisms of green vs red individuals to excessive light and conclusively assessing their

photoprotective functions.

While a functional analysis of genes involved in secondary metabolite biosynthesis has been performed
in some instances (Jin et al., 2018; Torre et al., 2016), there is very limited information about molecular events
that govern morpho-anatomical and physiological traits in red compared to green individuals (Tattini et al., 2017).
Here we have extended the study of differentially expressed genes reported in Tattini et al. (2017) for purple and
green basil, in which we analyzed a suite of transcription factors activated by low blue light availability and
regulating key developmental processes at the leaf level. Here, special emphasis is given to a set of blue light-

responsive genes involved in shade acclimation of cyanic leaves at the photosynthetic level, which may help to
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explain conclusively the shade nature of cyanic leaves/individuals (Fig. 2). Our dataset (the complete list of DEGs
is shown in Table S1 in Supporting Information) shows a number of genes responsive to low blue light (and more
to low light conditions in general), which are aimed at maximizing light harvesting and that are over-expressed in
purple leaves (Fig. 2). This includes a gene coding for auxilin-like J-domain protein required for chloroplast
accumulation response 1 (JAC1) under low blue light (Suetsugu, Kagawa, & Wada, 2005), thus re-locating
chloroplasts perpendicular to the light flux (chloroplasts move to the periclinal cell wall). The expression levels of
genes coding for Chlorophyll a-b binding proteins 4 (LHCA4)and CP24 10A (CAP10A), and the niFU-like protein
3 (NIFU3) protein, all of which are involved in light harvesting in PSI and PSII (Ganadeg, Klimmek, & Jansson,
2004; Yabe, Morimoto, Nishio, Terashima, & Nakai 2004; Wientjes & Croce, 2011), are also higher in cyanic
leaves. This is also the case with Protein CURVATURE THYLAKOID 1A (CURT1A), which is effective in
optimizing PSII photochemistry under low light conditions (Pribil et al., 2018). The need to augment light
harvesting in purple leaves is also well-documented by the large expression of genes, such as Far Red Impaired
Response 1 (FAR1, which is indeed negatively regulated by PHYA signaling, Lin et al., 2007) that promotes Chl
biosynthesis, and Protochlorophyllide-dependent Translocon Component 52 (PTC52), which specifically sustains

Chlp biosynthesis (Bartsch et al., 2008; Reinbothe et al., 2006; Tanaka, Tanaka, Tanaka, Yoshida, & Okada, 1998).

Consistently, a range of high-light responsive genes is downregulated in red basil (Fig. 2). This includes
<. cell division protein FtsZ homolog 1 (FtsZ1) that promotes chloroplast division and the photo-relocation of
chloroplasts toward the anticlinal wall of palisade cells (so-called “chloroplast avoidance response”, Dutta et al.,
2017; Kong & Wada, 2011; Koniger, Delamaide, Marlow, & Harris, 2008). The transcript abundance of genes
that encode for proteins that either reduce the synthesis (early light-induced protein2, ELIP2, Tzvetkova-
Chevolleau et al., 2007) or sustain the catabolism of Chl (Chlorophyllase 1, CLH1, Banas, Labuz, Sztatelman,

Gabrys, & Fiedor, 2011), and of Chlb (NON YELLOW COLORING 1, NYCL1, Horie, Ito, Kusaba, Tanaka, &
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Tanaka, 2009), is also low in purple basil. On the other hand, the transcript abundance of a suite of genes involved
in the stability and functioning of both PSI and PSII is higher in green leaves. This includes three subunits of the
Photosystem I reaction center: PSAF, which enhances the efficiency of electron transfer from plastocyanin to P700
(Haldrup, Simpson & Scheller, 2000), PSAG that downsizes the light-harvesting antenna and stabilizes the PSI
core (Jensen, Rosgaard, Knoetzel & Scheller, 2002), and PSAO, which is required to balance the distribution of
excitation energy between PSI and PSII (Jensen, Haldrup, Zhang & Scheller, 2004). The expression of a gene
involved in the repair processes in PSII, the PSII stability/assembly factor HCF136 (Pldchinger et al., 2016), is
also higher in green leaves than in purple. Notably, green leaves have higher expression levels of genes coding for
Thioredoxin-like protein CDSP32 (CDSP32) and Plastid-Lipid-Associated protein 6 (PAP6), both reducing the
oxidative stress generated in plastids because of light stress (Broin, Cuiné, Eymery, & Rey, 2002; Lee, Kim,
Landgraf, & Apel, 2007). Finally, the expression of EXECUTERL (EX1), a gene involved in singlet oxygen-
induced chloroplast-to-nucleus retrograde signalling under excessive light (Langenkamper et al., 2011; Zhang,
Apel, &Kim 2014) is also markedly higher in green leaves as compared to red. This increase in oxidative stress
signaling (sensu Foyer, Ruban, & Noctor, 2017) displayed by green leaves adds further evidence to previous
suggestions that anthocyanins are effective photoprotective pigments (Gould, 2004; Gould et al., 2010; Hughes et

al., 2005, Hughes & Smith, 2007).

The expression of genes involved in the shade avoidance responses at leaf and whole plant levels is also
higher in cyanic leaves. These include three members of the PHYTOCHROME KINASE SUBSTRATE gene
family (PKS1, PKS3, PKS4), which operate downstream of Phototropinl (PHOTZ1) under low blue light irradiance
(Lariguet et al., 2006), and act as negative regulators of phytochrome (PHY) signaling. Overexpression of PKSs
promotes hypocotyl elongation and leaf flattening as well, both of which being early events in shade avoidance

responses (de Carbonnel et al., 2010; Lariguet et al., 2003). Other genes regulating shade avoidance responses at
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the organ and whole plant levels are also overexpressed in purple basil. This is the case with AUXIN RESPONSE
4 (AXR4), an activator of the Auxin Influx Carrier Protein 1 (AUX1, Dharmasiri et al., 2006), that induces
hypocotyl elongation (Ma & Li, 2019), and of BYPASS 1 (BPS1), whose overexpression promotes both apical
dominance and leaf expansion (Lee, Parrott, Adhikari, Fraser, & Sieburth, 2016). It is also true of LONGIFOLIA
1, LONGIFOLIA 2 and a set of EXPANSINs (EXP 1,4,8,10), all of which are known to be involved in shade
avoidance responses (Christie, 2007; Sasidharan, Chinnappa, Voesenek, & Pierik, 2008). LONGIFOLIA and
EXPANSIN both promote leaf and stem elongation, by enhancing polar cell elongation at the expense of cell
proliferation (Lee et al., 2018), and disrupting noncovalent bonds between cellulose microfibrils and matrix

polysaccharides, respectively (Choi, Lee, Cho, & Kende, 2003; Marowa, Ding, & Kong, 2016).

Conversely, the transcript abundances of a range of high light responsive genes regulating developmental
processes at both the leaf and the whole plant level are substantially lower in purple compared to green basil. This
includes three members of the Transcription factor TCP (TCP2, TCP4, TCP24) gene family and a gene coding for
L-type lectin-domain containing receptor kinase 1.9 (LECRK 19), whose overexpression reduces leaf size (Bresso,
Chorostecki, Rodriguez, Palatnik, & Schommer, 2018; Bowmeester et al., 2011). Consistent with the notion that
high light shapes the canopy architecture by reducing apical dominance while favoring shoot branching, green
leaves display overexpression of both ARGOS (AUXIN REGULATED GENE INVOLVED IN ORGAN SIZE),

1 CO1-CO16 (two members of the Constans gene family), which are known to modulate the auxin signaling
pathway (Hu, Xie, & Chua, 2003; Zhang et al., 2014). An auxin-independent pathway that promotes axillary
branching is also more active in green than in purple basil. This includes both DWARF27 (B-carotene isomerase),
a gene involved in the first committed step of strigolactone biosynthesis (Lin et al., 2009) and two genes, ABCG5-

ABCG11, coding for members of the ABC (ATP Binding Cassette transporter G family members) superfamily of
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transport proteins that are involved in the transport of strigolactones (Kretzschmar et al., 2012; Yasuno et al.,

2009).

We have recently shown (Tattini et al., 2017) that a range of transcription factors that are simultaneously
responsive to low both blue light irradiance and R/FR, and involved in the regulation of leaf cell fate, are largely
overexpressed in high-light grown purple basil leaves as compared to corresponding green basil leaves (Tattini et
al., 2017). This includes relevant members of both the Homeobox-leucine zipper protein (HD-ZIP, ATHB1,
ATHB2 and ATHB12) and the basic helix-loop-helix (BHLH) families of TFs (BHLH135 and BHLH144, Fig. 2),
which are known to repress cell proliferation, while at the same time promoting cell expansion (Castelain, Le Hir
& Bellini, 2012; Ciolfi et al., 2013; Hur et al., 2015; Pedmale et al., 2016). In particular, overexpression of all HD-
ZIP members detected in our study, leads to mesophyll tissues with reduced cell number (Aoyama et al., 1995;
Castelain et al., 2012; Hur et al., 2015), representing a suitable acclimation response to low light availability. This
is therefore consistent with and may help conclusively explain why cyanic leaves are usually thinner, have much
less compact mesophyll and lower leaf mass per area (LMA) compared to acyanic leaves (Manetas et al., 2003;

Kyparissis et al., 2007; Wang, Zhou, Jiang, & Liu, 2016), especially when grown in high light (Tattini et al., 2014).
3 THE “PECULIAR SHADE NATURE OF CYANIC LEAVES: A PERSPECTIVE IN
ANTHOCYANIN RESEARCH

Though cyanic leaves have a suite of morphoanatomical- and biochemical-related traits that closely resemble those
usually displayed by green leaves growing in low light (true shade leaves), they also display features that are
uncommon in shaded green leaves. First, the apparent quantum yield for CO; assimilation (®co2) of species

analysed in our study, is similar (Figs. 1A,B) or lower (Figs. 1C,D) in red compared to green leaves. This is unusual

for shaded green leaves, which generally display higher apparent ®co, than full-sun leaves at low light intensities
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(Kubiske and Pregitzer, 1996). Second, the light compensation point of red leaves occurs at higher Photosynthetic
Photon Flux Density (PPFD) compared to green leaves in three out of the four A:PPFD curves in Fig. 3, whereas
shade leaves usually display lower light compensation points than those acclimated to full sunlight (Givnish,
Montgomery, & Goldstein, 2004 ). This likely due to red leaves having higher rates of dark respiration (RD)
compared to green leaves (Ranjan et al., 2014; Yu, Zhang, Zheng, Huang, & Peng, 2019), whereas the reverse is
usually observed in green shaded leaves (Kubiske and Pregitzer, 1996; Poorter et al. 2019). Third, while shaded
green leaves typically saturate photosynthesis at lower PPFD compared to leaves growing in full sun (due to lower
Rubisco content per unit leaf area, Seeman, 1989), photosynthesis in cyanic leaves saturates at very similar or even
higher PPFD than do the green counterparts (Fig. 3). This is because the epidermal anthocyanin filter effectively
absorbs blue/red photons that are most efficient for COz fixation. This explains why red leaves have higher
photosynthesis during the central hours of the day compared to green leaves (Tattini et al., 2017; Fini et al.,
unpublished results) and, in addition, offers clear evidence for an effective photoprotective function of
anthocyanins. We also observe that stomatal conductance in red leaves is higher or very similar compared to that
of green leaves in some instances (Liakopoulos et al., 2006; Tattini et al., 2014, 2017). This is also unusual for
true shade leaves, in which the excess of green compared to blue (and red) photons opposes the opening and the
development of stomata (Chen, Xiao, Li, & Ni, 2012; Poorter et al., 2019). However, cyanic leaves sense both
hiqgher blue/green and red/green ratio compared to shaded green leaves, and this may promote stomata opening
(Smith et al., 2017). This matter deserves further investigation aimed specifically at evaluating the relative
contribution of blue, green and red/far red signals (Merzlyak et al., 2008) perceived by cyanic leaves, to the
downstream molecular events regulating the development and the aperture of stomata (Inoue & Kinoshita, 2017;

Hiyama et al., 2017; Kang, Lian, Wang, Huang, & Yang, 2009).
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The profound morpho-anatomical adjustments imposed by the epidermal anthocyanin shield complicates
the analysis of the “photosynthetic performance” of cyanic vs acyanic leaves and, hence, of the photoprotective
role of anthocyanins. For instance, Tattini et al. (2017) have shown that mesophyll conductance to CO; (gm) is
substantially lower in purple than in green basil leaves growing in full sunlight (similar results have been observed
in Acer platanoides, Fini unpublished data). Actually, the conductance to COz2 diffusion is usually lower in the
mesophy|l of shaded green leaves than in those exposed to full sun (Campany, Tjoelker, von Cammer, & Duursma,
2016; Peguero-Pina et al., 2016). Though the anatomical features of shaded leaves might appear as optimally suited
to facilitate CO; diffusion across the mesophyll, gm is only partially determined by leaf morpho-anatomical traits:
proteins such as carbonic anhydrase and aquaporins, may have a strong impact on mesophyll conductance to CO;
(Hanbaetal., 2004; Fini et al., 2016; Peguero-Pina et al., 2016). For instance, both the biosynthesis and the activity
of carbonic anhydrase is strongly light dependent (Tiwari et al., 2006), and the expression of aquaporins is low in
leaves growing in the shade, especially under blue light deprivation (Ben Baaziz et al., 2012). This may help
explain the general positive scaling of gm with light irradiance in a range of species (Flexas et al., 2008), as well
as the lower gm observed in cyanic leaves (Tattini et al., 2017; Fini unpublished data). We finally note that both
the chloroplast (chloroplasts move toward periclinal cell wall, Wada, 2016) and mesophyll areas exposed to
intercellular airspaces may decrease in cyanic leaves because of shade acclimation, thus further decreasing gm
“ni et al., 2016). We hypothesize that the wide range of anatomical adjustments because of low light availability
force cyanic leaves to have “unusually high” stomatal conductance to partially counter the larger limitation to CO,
diffusion through the mesophyll (Fini et al., 2016; Tattini et al., 2017). This may also explain why the drawdown
from actual (calculated from response curves of Ay to changes in chloroplast CO; concentration, An/Cc curves) to
apparent (calculated from response curves of Ay to changes in intercellular CO; concentration, An/C; curves)

carboxylation efficiency (Vcmax) Was markedly higher in purple as compared to green basil leaves (Tattini et al.,
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2017). The lower carboxylation efficiency of red compared to the green counterparts reported in previous studies
(Carpenter, Keidel, Pihl, & Hughes, 2014; Nikoforou et al., Ranjan et al., 2014) may merit extensive re-evaluation.
In turn, this poses serious methodological issues regarding the effective photoprotective potential of cyanic vs
acyanic leaves. We recall that photoprotection, a qualitative parameter in its nature, closely relates to
photoinhibition and, hence is suitably quantified by high light-induced depression of photosynthesis, rather than
photosynthesis per se. However, in most studies the degree of photoinhibition in cyanic vs acyanic leaves has been
estimated through light-induced declines in Fu/Fm (AF/Frn) and/or ®ps; (Adpsii). Because gs, and particularly gm
are major constraints to photosynthesis, especially under high light irradiance (Niinemets, Diaz-Espejo, Flexas,
Galmés, & Warren, 2009), light-induced changes in F./Fn and ®ps) between cyanic vs. acyanic leaves are not
optimally suited to describe their relative photosynthetic performance. We conclude that quantifying the relative
contribution of diffusional limitations to photosynthesis in cyanic vs acyanic leaves long-exposed to excessive
light (when photoprotection really makes sense) will significantly improve our understanding on the actual

photoprotective role(s) of anthocyanins.
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Figure legends

Figure 1. (A) In vivo differential absorbance spectra of epidermal anthocyanins. Measurements were performed
on intact leaves in red and green individuals of the same genotype (Photinia x Fraseri “Red Robin” and
Parthenocissus quinquefolia) or of different cultivars (red-leafed Ocimum basilicum cv. “Purple Ruffle” and cv.
“Red Rubin” compared to green-leafed O. basilicum cv. “Tigullio™) using a spectrofluorimeter equipped with a
double arm optical fibre bundle. Absorbance spectra were then calculated using the protocol of Agati, Cerovic,
Pinelli, & Tattini (2011), by measuring the Chl fluorescence excitation over the 350-700 nm spectral region, for
emission at 730 nm. Theoretical background: the Chl Fluorescence Excitation Ratio (ChIFER) of green to red
leaves corresponds to the ratio of epidermal transmittance (EpT) and, hence, ChIFER greenired = EpTgreenired.
According to the Beer—Lambert’s law, A = —log T, thus log ChIFER is the difference in epidermal absorbance of
red to green leaves: logChIFERgreenred = EpAred — EpAgreen. Since fluorescence spectroscopy is a highly sensitive
technique and fluorescence emitted by chlorophylls is intense, logChIFER is more accurate than reflectance
spectroscopy in measuring in vivo absorbance of leaf epidermis, especially in the UV-blue waveband. In fact,
reflectance is very low over the 350-480 nm waveband, due to high absorbance of both epidermally located
phenylpropanoids and photosynthetic pigments located in the adaxial mesophyll layers. (B) Light absorption
spectra of plant photoreceptors phytochromes (PR/PFR) and cryptochromes (CRY). Modified from Landi, Zivcak,

Sytar, Brestic & Allakhverdiev (2020), with permission from BBA — Bioenergetics ® Elsevier 2020.

Figure 2. Heat map showing differentially expressed genes in purple (‘Red Rubin’) and green (“Tigullio”) Ocimum
basilicum leaves grown for four weeks in full sunlight. Data are logz fold change of transcript abundance of

Purple/Green basil. Leaf samples were collected at four different times of the day (08:30, 12:00, 14:30 and 17:30

h), from five replicate plants, and pooled together prior to analysis (Tattini et al., 2017). Gene expression levels
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were calculated using the reads per Kilobase per million mapped reads (RPKM) method (Mortazavi, Williams,
McCue, Schaeffer, & Wold, 2008), by mapping raw reads of green and purple basil to the basil reference
transcriptome. The basil reference transcriptome was assembled using the lllumina platform. Sequence reads have
been deposited at the Sequence Read Archive (SRA) of the National Center of Biotechnology Information (NCBI,
Bethesda, MD, USA) under accession number SRA313233. Data have been analysed using the Z-test (Kal et al.,
1999), with log, fold change >+1 and adjusted P-value <0.05, to identify genes with significantly different
expressions (CLC Genomic Workbench, Qiagen, Hilden, Germany). The whole dataset of DEG of purple vs green

basil leaves is shown in Table S1 in Supporting Information

Figure 3. Response curves of net photosynthesis (An) to changes in light irradiance (An:PPFD curves) in fully
developed leaves of reddish vs green cultivars. (A) Response curves of green (green symbols) and black (red
symbols) Ophiopogon planiscapus ‘Nigrescens’ grown in natural sunlight (redrawn from Hatier, Clearwater, &
Gould, 2013). (B) Response curves of Physocarpus amurensis ‘Maxim’ (green symbols) and Physocarpus
opulifolius ‘Diablo’ (red symbols) grown under natural sunlight (1000-1500 pmol quanta m-2 s-1 (redrawn from
Zhang, Zhong, Wang, Sui, & Xu, 2016). (C) Response curves of Acer platanoides ‘Summer Shade’ (green
symbols) and ‘Crimson King’ (red symbols) grown for three month in full sunlight (PPFD at midday 1800 mmol
quanta m-2 s-1, Fini, unpublished data). (D) Response curves of green (Tigullio, green symbols) and purple (Red
..-bin, red symbols) Ocimum basilicum grown for four weeks in full sunlight (PPFD at midday 1850 mmol quanta
m-2 s-1, redrawn from Tattini et al. 2017). Red-white (B,C) or red-blue leds (A,D) have no clear effect on the
shape of A:PPFD response curves. This is likely because red photon intensity largely exceeds that of blue photons
in red-blue leds source, thus making of minor significance the effect of anthocyanin-induced reduction of blue
light transmittance, particularly in the low PPFD range (Loreto, Tsonev, & Centritto, 2009; Terashima, Fujita,

Inoue, Chow, & Oguchi, 2009).
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Fig. S1. UV-vis absorbance spectra of glucosides (glu) and p-coumaroyl glucosides (coum glc) of dihydroxy
(cyanidin, Cyan) and trihydroxy (malvidin, Malv) B-ring-substituted anthocyanins. Spectra were recorded as
reported in: Ferrandino, A., Pagliarani, C., Carlomagno, A., Novello, V., Schubert, A., & Agati, G. (2017).
Improved fluorescence-based evaluation of flavonoid in red and white winegrape cultivars. Australian Journal of

Grape & Wine Research, 23, 207-214.

Table S1. List of Differentially Expressed Genes (DEGSs) between purple and green basil leaves. Data are log2 fold

change of transcript abundance of Purple/Green basil.
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