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Summary

� Ferns appear in the fossil record some 200 Myr before angiosperms. However, as

angiosperm-dominated forest canopies emerged in the Cretaceous period there was an explo-

sive diversification of modern (leptosporangiate) ferns, which thrived in low, blue-enhanced

light beneath angiosperm canopies. A mechanistic explanation for this transformative event in

the diversification of ferns has remained elusive.
� We used physiological assays, transcriptome analysis and evolutionary bioinformatics to

investigate a potential connection between the evolution of enhanced stomatal sensitivity to

blue light in modern ferns and the rise of angiosperm-dominated forests in the geological

record.
� We demonstrate that members of the largest subclade of leptosporangiate ferns, Polypodi-

ales, have significantly faster stomatal response to blue light than more ancient fern lineages

and a representative angiosperm. We link this higher sensitivity to levels of differentially

expressed genes in blue-light signaling, particularly in the cryptochrome (CRY) signaling path-

way. Moreover, CRYs of the Polypodiales examined show gene duplication events between

212.9–196.9 and 164.4–151.8 Ma, when angiosperms were emerging, which are lacking in

other major clades of extant land plants.
� These findings suggest that evolution of stomatal blue-light sensitivity helped modern ferns

exploit the shady habitat beneath angiosperm forest canopies, fueling their Cretaceous hyper-

diversification.

Introduction

Molecular and fossil evidence places the origin of ferns at around
400 Ma, more than 200 Myr before the appearance of
angiosperms (Kenrick & Crane, 1997; Soltis et al., 1999). The
rise of angiosperms in the Cretaceous period led to darker forest
understories and coincided with a decline in fern and gym-
nosperm species richness, but leptosporangiate ferns (Polypodi-
idae) (Christenhusz et al., 2011; The Pteridophyte Phylogeny
Group, 2016) subsequently proliferated to become the second

most species-rich group of vascular plants, and now comprise the
vast majority of extant fern species (Schneider et al., 2004; Smith
et al., 2006; Schuettpelz & Pryer, 2009).

Many unique functional and physiological changes appear to
have rapidly evolved with the explosive diversification and radia-
tion of modern (leptosporangiate) ferns, including nutrient and
water-uptake mechanisms, alteration in sporophytic hydraulic
and stomatal regulation, and modification of reproductive sys-
tems (Watkins et al., 2007a,b; Creese et al., 2014; Franks & Brit-
ton-Harper, 2016; Cai et al., 2017a). However, despite
suggestions that the success of leptosporangiate ferns was an
opportunistic response to the dominance of angiosperms*These authors contributed equally to this work.
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(Schneider et al., 2004), mechanistic evidence for the drivers of
this formative event in plant diversification has remained elusive.

Plant photosynthesis is regulated by stomata, small pores on
plant leaves and stems formed by guard cells (Willmer & Fricker,
1996). Evolution has shaped the morphology and regulatory
mechanisms governing stomatal movement over the past 450
Myr. Understanding fern stomatal responses to environmental
cues will provide crucial insights into their success as the second-
largest clade of land plants. It has been reported that, when sub-
jected to water deficit, the stomata of ferns lack an active closing
response (closure via metabolically driven reduction in guard cell
osmotic pressure), and exhibit only hydropassive closure (closure
via passive turgor loss to achieve equilibrium with the external
water potential, without changing guard cell osmotic pressure)
(Brodribb & McAdam, 2011), and other studies have reported
that fern stomata are relatively or completely insensitive to blue
light and CO2 (Doi et al., 2006; Doi & Shimazaki, 2008; Bro-
dribb et al., 2009). However, it has since been shown that ferns
exhibit significant variability in the sensitivity of stomatal
responses to light, CO2 and vapor pressure deficit (Ruszala et al.,
2011; Creese et al., 2014; Lind et al., 2015; Franks & Britton-
Harper, 2016; Chen et al., 2017; Horak et al., 2017; Cai et al.,
2017a; Westbrook & McAdam, 2020). These studies were con-
ducted on different life stages (sporophyte and gametophyte), but
with relatively few fern species representing a small number of
clades. Understanding this striking functional diversity amongst
ferns requires novel, broad-based investigations across diverse
fern lineages.

The altered spectral quality of light beneath forest canopies
exerts strong selective pressures on the evolution of plants and
animals that occupy this habitat (Endler, 1993). Photosynthetic
pigments in the upper canopy absorb relatively more red than
blue light wavelengths and so shift the understory light condi-
tions. Thus, understory plants have optimized the sensitivity of
light-harvesting and gas exchange control systems (Gommers
et al., 2013). Red and blue light are key environmental cues for
stomatal opening. For example, activation of the blue-light recep-
tor phototropins (PHOTs) in the guard cell plasma membrane
drives K+, anion and water influx into guard cells, leading to an
increase of turgor pressure and stomatal opening (Iino et al.,
1985; Shimazaki et al., 1986; Kinoshita et al., 2001; Inoue &
Kinoshita, 2017). In contrast to seed plants, the PHOT-depen-
dent stomatal response to blue light was found to be absent in a
select group of leptosporangiate ferns, prompting researchers to
propose that PHOT dependence appeared early in land plant
evolution, but was lost in some leptosporangiate ferns (Doi et al.,
2006, 2015; Doi & Shimazaki, 2008). To gain a comprehensive
understanding of the evolution and behavior of the stomatal
blue-light response, including possible alternative blue-light
receptors, in the leptosporangiate fern clade (Fig. 1a), the evolu-
tion of these traits and characters must be reconstructed using
representatives of all major lineages of ferns (Schuettpelz & Pryer,
2009).

Photoreceptors play key roles in plant evolution and diversifi-
cation through the regulation of a range of plant functions,
including growth and photosynthesis (Mathews, 2006; Christie,

2007). Plants use an array of photoreceptors, including PHOTs,
phytochromes (PHYs), cryptochromes (CRYs), zeitlupes (ZTLs)
and UV resistance locus8 (UVR8), to measure light quality and
quantity and to regulate molecular, developmental and physio-
logical processes (Moglich et al., 2010; Li et al., 2015). The bio-
chemistry, structure and function of these photoreceptors have
been characterized mainly in Arabidopsis thaliana (Lin, 2002;
Chaves et al., 2011). The rapid radiation of ferns under the
canopy of angiosperms is thought to be related to the diversifica-
tion of PHOTs and PHYs (Li et al., 2014, 2015, 2018; Fiorucci
& Fankhauser, 2017). In particular, the chimeric photoreceptor
neochrome (NEO) fuses red-sensing PHY at the N-terminus and
blue-sensing PHOT at the C-terminus to mediate phototropic
responses (Kawai et al., 2003; Suetsugu et al., 2005). However,
NEOs have so far been found only in the streptophyte alga
Mougeotia scalaris (Zygnemetaceae, a possible sister lineage to
land plants) (Wickett et al., 2014; Gitzendanner et al., 2018),
hornworts and some leptosporangiate ferns belonging to the
orders Cyatheales and Polypodiales. Possession of NEO repre-
sents a key innovation in the diversification of these ferns under
low-light conditions (Suetsugu et al., 2005; Kanegae et al., 2006;
Li et al., 2014). The evolution of structural and functional diver-
sity in PHYs may be an adaptation that enhances growth and sur-
vival of one subclade of leptosporangiate ferns, Polypodiales, in
low light beneath the forest canopy (Possart & Hiltbrunner,
2013; Li et al., 2015). In green plants, CRYs are photoreceptors
that mediate various blue light-induced responses such as photo-
morphogenesis, flowering and circadian regulation (Lin, 2002;
Chaves et al., 2011). Stomata of the Arabidopsis cry1cry2 double
mutant showed reduced blue-light response, and CRY1-overex-
pressing plants showed hypersensitive stomatal opening to blue
light (Mao et al., 2005). The evolution of CRYs has been dated
to before the origin of land plants (Yang et al., 2017), but it is
still not known whether evolution of CRYs played a significant
role in fern diversification in the shadow of angiosperm-domi-
nated forests.

Here, we undertook a comprehensive evaluation of molecular
and physiological evidence for stomatal blue-light signaling and
sensitivity across the full fern phylogeny. We hypothesized that
rapid diversification of modern leptosporangiate ferns commenc-
ing around 200 Ma was linked to evolution of diversified blue-
light response machinery in these plants. Special consideration
was given to evolution of the CRY family of blue-light receptors
across fern lineages and the potential advantage this gave to mod-
ern ferns as they diversified beneath angiosperm forest canopies.

Materials and Methods

Plant materials and growth

Sporophytes of Nephrolepis exaltata, Polystichum proliferum,
Adiantum fragrans, Pellaea viridis, Ceratopteris richardii, Cyathea
cooperi, Lygodium microphyllum, Todea barbara, Angiopteris evecta
and Selaginella kraussiana were purchased from plant nurseries
(Bunnings, Penrith, Australia; Rainforest Nursery, Upper Burring-
bar, Australia). Microsorum pustulatum, Equisetum hyemale and
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Psilotum nudum were collected from Western Sydney University
(Richmond, NSW, Australia). Arabidopsis thaliana wild-type Col-
0 seeds were sown in compost and grown for 4 wk before experi-
ments. Plants were grown under 12 h : 12 h, day : night, 20� 1°C,
100 µmol m�2 s�1 photosynthetically active radiation and 60%
relative humidity (RH). Plants were irrigated weekly and grown
for at least 4 wk before commencing experiments.

Stomatal assay

Stomatal aperture assays were carried out on epidermal peels with
viable stomata according to Cai et al. (2017a). Briefly, the epider-
mal peels were treated in low-calcium measuring buffer (10 mM
KCl, 50 lM Ca2+-MES, pH 6.1) for 20min in the dark as the
control, followed by 100 min of light (blue, UV-A, green, orange,
red) treatments. Blue-light treatments (0.1–100 lmolm�2 s�1)
were applied using a light source (Abet Technologies, Milford,
CT, USA) equipped with 475� 25 nm optical filter (Edmund
Optics, Barrington, NJ, USA). The upper range of the blue-light

treatment is equivalent to the blue-light photon flux in bright sun-
light. Images of epidermal peels were recorded every 10min using
a microscope equipped with an NIS-F1 charge coupled device
camera and a DS-U3 controller (Nikon, Tokyo, Japan). We
tested whether the phenomenon of rapid stomatal opening in
response to blue light is consistent across the extant fern lineages
(Cai et al., 2017a), representing seven major orders (Polypodiales,
Cyatheales, Schizaeales, Osmundales, Marattiales, Equisetales,
Psilotales) of extant ferns that have radiated in diverse environ-
mental conditions and temperature zones (Supporting Informa-
tion Table S1), allowing a comprehensive assessment of responses
to blue light in extant ferns.

Gas exchange

Measurement of stomatal conductance and photosynthetic rate
was carried out using a gas exchange analyzer equipped with a
6400-40 Leaf Chamber Fluorometer (Li-Cor Inc., Lincoln, NE,
USA), as in previous studies (Brodribb & McAdam, 2011; Cai
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(b)
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Fig. 1 Light-induced stomatal responses in different green plants. (a) The topology of fern orders. Thetree was constructed with Brassicales and
Selaginellales as outgroups. The number in parentheses represents the number of fern species in each order. (b, c) Stomatal aperture response to blue light
(100 lmol m�2 s�1) in epidermal peels of leptosporangiate ferns (Nephrolepis exaltata, Polystichum proliferum,Microsorum pustulatum, Pellaea viridis,
Adiantum fragrans, Cyathea cooperi, Lygodium microphyllum, Todea barbara, Ceratopteris richardi) compared with eusporangiate fern lineages
(Angiopteris evecta, Equisetum hyemale, Psilotum nudum), as well as a reference lycophyte (Selaginella kraussiana) and a model angiosperm (Arabidopsis
thaliana). The control represents the average value of stomatal aperture in the first 20min, whereas blue-light treatment represents the stomatal aperture
after 100min blue-light treatment (n = 4 biological replicates with 30–50 stomata for each plant species; data are means � SE; *, P < 0.05; **, P < 0.01). (d)
Dose response of stomata to blue light in N. exaltata. Stomatal aperture was measured in response to 1, 10, 25, 50 and 100 lmol m�2 s�1 blue light (n = 4
biological replicates with 30–50 stomata; data are means � SE). (e) Response of N. exaltata stomata to different light wavelengths. The light treatments
include red (675� 25 nm, 250 lmol m�2 s�1), orange (593� 40 nm, 150 lmol m�2 s�1), green (527� 20 nm, 100 lmol m�2 s�1) and blue light
(475� 25 nm, 100 lmol m�2 s�1) and UV-A (370� 36 nm, 75 lmol m�2 s�1). Four biological replicates with 30–50 stomata were used for each treatment;
data are means � SE.
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et al., 2017a). The leaf chamber was clamped to healthy, newly
matured fronds of fern plants maintained in well-watered condi-
tions. The leaf temperature was set at 24°C. The RH was main-
tained at c. 50%. The flow rate was set to 300 lmol s�1. CO2

concentration was maintained at 400 mol mol�1 using the CO2

mixer control. Data were recorded at 20 s intervals.

Measurement of reactive oxygen species (ROS)

The ROS production in guard cells was determined using fluo-
rescent indicators 20,70-dichlorodihydrofluorescein diacetate
(H2DCFDA; Life Technologies) (Cai et al., 2017a). Epidermal
strips of N. exaltata, A. evecta and A. thaliana were incubated in
glass-bottom Petri dishes containing low-calcium measuring
buffer (described earlier) with 20 µM H2DCFDA for 20 min in
the dark. Confocal images were collected every 5 min with excita-
tion at 488 nm and emission at 505–525 nm using an inverted
confocal microscope (Leica Microsystems, Wetzlar, Germany).
The ROS fluorescence of guard cells was estimated using LAS-EZ
software (Leica Microsystems) and IMAGEJ software (NIH,
Bethesda, MD, USA) by subtracting the florescence value of
background from that of guard cells according to Chen et al.
(2016).

RNA sequencing and quantitative RT-PCR

RNA sequencing and analysis of leaf epidermis followed
essentially the method of Chen et al. (2019). The lower epi-
dermis of N. exaltata was peeled and floated on low-calcium
measuring buffer (see earlier) in a Petri dish, and irradiated
with 100 µmol m�2 s�1 blue light for 20 min. After blue-light
treatment, the epidermis peels were collected and used for
RNA extraction. Total RNA was extracted using the RNeasy
Plant Mini Kit (Qiagen, Hilden, Germany), and the cDNA
libraries were constructed using NEBNext Ultra9 RNA
Library Prep Kit (Illumina, San Diego, CA, USA), following
the manufacturer’s procedure. RNA sequencing (RNA-seq)
was performed, and raw data obtained from the HiSeq 2500
platform were trimmed by removing empty reads, low-quality
bases (Q < 30 and length < 50 bp) and adaptor sequences.
Reads mapping, assembly and abundance estimation of differ-
entially expressed genes (DEGs) was performed by ‘Cuffdiff’
of CUFFLINKS v.2.1.1 with three biological replicates (a biolog-
ical replicate in this case comprising material collected from
one individual plant).

The fronds/leaves of N. exaltata, C. richardii, A. evecta and A.
thaliana plants were irradiated with 100 µmol m�2 s�1 blue light
for 20 min. The total RNA of the leaves was extracted using Tri-
zol reagent (Life Technologies) following the manufacturer’s pro-
cedure and the cDNA was synthesized using the SensiFAST Kit
(Bioline, Eveleigh, NSW, Australia). The expression of the target
genes was determined using a Rotor-Gene Q6000 system (Qia-
gen). Beta-tubulin was used as the reference gene for normaliza-
tion of relative gene expression, as previously described (Cai
et al., 2017a). Three independent biological replicates were used
for each species and treatment.

Evolutionary bioinformatics, phylogeny and molecular
dating

Comparative genetic analysis of gene families across the major
green plant lineages and algae was described in Zhao et al.
(2019). Genome sequence data of all species were obtained from
the National Center for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov) and Ensembl Plants (http://pla
nts.ensembl.org/index.html). The protein translations of CRYs
were obtained from the OneKP database (www.onekp.com) and
a fern transcriptome dataset (https://figshare.com/s/0f773861b
6813f97ff63) (Table S2). Candidate protein sequences that satis-
fied the criteria of E-value < 10�5 were selected by BLASTP

searches.
Amino acid sequences translated from transcriptome data were

used for construction of phylogenetic trees, and multiple phyloge-
netic trees were constructed and used in different figures for the
data presentation and scientific interpretation. The amino acid
sequence alignment was performed using MAFFT. Conserved
domains of aligned amino acid sequences were identified using
GBLOCKS v.0.91b (http://phylogeny.lirmm.fr), and these were then
used to construct phylogenetic trees. LG + I+G4 was the best-fit-
ting model of amino acid substitution under the Akaike informa-
tion criterion using IQ-TREE v.1.6.8 (http://www.iqtree.org). The
maximum likelihood (ML) tree was constructed using FASTTREE

v.2.1 (http://www.microbesonline.org/fasttree/). Additional phylo-
genetic analysis was performed with full-length sequences using
IQ-TREE software with JTT +R6 model. The amino acids align-
ment of 2276 CRY sequences was performed using PASTA (https://
github.com/smirarab/pasta). Phylogenic trees were displayed using
iTOL v.3.0 (https://itol.embl.de/).

The estimated time of gene duplication of CRY paralogs in
each species was calculated according to the formula: T = Ks/
2k9 10�6 Ma, where T is time of gene duplication, Ks is the
fraction of synonymous substitution per synonymous site, and k
is the rate of substitution (Lynch & Conery, 2000). The first
CRYs duplication event (from CRY1/2/3/4/5 to CRY1/2/5,
CRY3/4) occurred simultaneously with the divergence of the
Euphyllophyta node (386–418 Ma, estimated from these species
generated in TIMETREE (http://www.timetree.org/)), k for CRYs
was estimated as 5.499 10�9–5.959 10�9. The alignment of
paralogous pairs of CRYs was performed using MAFFT (https://
mafft.cbrc.jp/alignment/software/) and PARAAT 2.0 (http://
bigd.big.ac.cn/tools/paraat), and Ks of CRY paralogs was calcu-
lated using KAKS_CALCULATOR 2.0 with the c-MYN model
(https://sourceforge.net/projects/kakscalculator2/).

Results

Blue light induces distinct stomatal responses in diverse
ferns

Most extant fern species are in the leptosporangiate order Polypo-
diales, accounting for 82.4% of fern species diversity (The Pteri-
dophyte Phylogeny Group, 2016) (Fig. 1a). We first examined
the general presence and characteristics of the stomatal blue-light
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response in representative species of each major lineage of both
eusporangiate and leptosporangiate ferns (Fig. 1a; Table S1),
together with a lycophyte (S. kraussiana) and an angiosperm (A.
thaliana). All of the leptosporangiate ferns examined here exhib-
ited a significant (P < 0.01) stomatal opening in response to blue
light, whereas the eusporangiate ferns did not show a significant
response (Fig. 1b,c). The lycophyte (Selaginella) and angiosperm
(Arabidopsis) also exhibited significant stomatal opening in
response to blue light (Fig. 1b,c). Closer examination of N.
exaltata, a leptosporangiate fern of Polypodiales, showed that its
stomata opened in response to blue light and UV-A light in a
dose-dependent manner (Figs 1d,e; S1). However, little stomatal
opening was observed in response to green, orange or red light
treatments in the epidermal peels of N. exaltata (Fig. 1e). Given
the vital role of blue light in plant growth, development and
stomatal regulation, we therefore concentrated on the effect of
blue light in the following analysis.

The influence of blue-light-induced stomatal opening on gas
exchange in N. exaltata was validated by measurements of net
photosynthetic rate (A) and stomatal conductance (gs) on intact
leaves (Figs 2a, S2a). Blue light at an intensity of
10 lmol m�2 s�1 (comparable to blue light received under 10%
sunlight) was able to induce significant increase of A and gs, with
both parameters saturating at 100 lmol m�2 s�1 (Fig. S2a). In
contrast to epidermal peels (Fig. 1e), stomata of intact N. exaltata

leaves responded strongly to red light (Fig. S2b), consistent with
the known dependence of the stomatal red light response on mes-
ophyll processes (Mott et al., 2008). Compared with the euspo-
rangiate fern A. evecta (Marattiales) and the angiosperm
A. thaliana, N. exaltata showed significantly faster responses of A
and gs to blue light (Fig. 2a) and high-intensity red light
(600 lmol m�2 s�1) (Fig. S3). Exposing leaves to
100 lmol m�2 s�1 blue light while maintaining
600 lmol m�2 s�1 red light induced a substantial increase in gs
for A. thaliana, but not in N. exaltata or other leptosporangiate
ferns, including C. cooperi, L. microphyllum and T. barbara
(Fig. S3).

After establishing a general stomatal opening response to blue
light in a diverse array of leptosporangiate ferns, we sought to
compare more broadly the rate of the stomatal blue-light
response in leptosporangiate ferns with other lineages. Measure-
ments on intact fern leaves revealed that stomata in leptosporan-
giate ferns open more rapidly in response to blue light compared
with the eusporangiate ferns and the flowering plant A. thaliana
(Fig. 2b). Importantly, while no responsiveness was observed in
epidermal peels (Fig. 1c), stomata in intact leaves of the euspo-
rangiate ferns (Angiopeteris evecta and P. nudum, representing
Marattiales and Psilotales, respectively) opened in response to
blue light, albeit substantially more slowly than in the leptospo-
rangiate ferns (Fig. 2b).

(a) (b)

(c) (d)

s

s

s

Fig. 2 Gas exchange and guard cell reactive oxygen species production in response to blue light. (a) Stomatal conductance (gs) and net photosynthetic rate
(A) in response to blue light in intact leaves of the leptosporangiate fern Nephrolepis exaltata, the eusporangiate fern Angiopteris evecta and the
angiosperm Arabidopsis thaliana. Six biological replicates were performed and a typical result is shown. (b) Half-time for stomatal opening under blue
light, measured as gs in intact leaves, in the species from (b). For (a) and (b), measurement of gs and A commenced in the dark, as the control, followed by
100 lmol m�2 s�1 blue light. Data are means � SE (n = 3–6 biological replicates). *, P < 0.05; **, P < 0.01. (c, d) Confocal images (c) and fluorescent probe
intensity (d) of blue-light-induced reactive oxygen species (ROS) in guard cells of the leptosporangiate fern N. exaltata, the eusporangiate fern A. evecta

and the angiosperm A. thaliana. Scale bar in (c) is 10 lm. For (d), n = 4 biological replicates with 30–50 stomata; data are means � SE.
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Capacity for rapid blue-light response in Polypodiales ferns

Blue-light-induced stomatal opening is usually associated with
H+-pumping (Kinoshita & Shimazaki, 1999; Shimazaki et al.,
2007) and the transport of ions mediated by major K+, anion,
and Ca2+ channels and co-transporters (Chen et al., 2012; Hills
et al., 2012; Wang et al., 2017). Guard cell apoplastic pH
changes occurred within 30 s of blue-light treatment, suggesting
the rapid activation of H+ pumping in the Polypodiales fern
N. exaltata under blue light (Fig. S4a). Blue-light-activated stom-
atal opening was significantly reduced by H+ pump inhibitors
carbonyl cyanide m-chlorophenylhydrazine (CCCP) and sodium
orthovanadate (NaVO4), but it was less affected by the photosyn-
thesis inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) (Fig. S4b). Blue-light-induced stomatal opening in
N. exaltata also showed significant inhibition by K+ channel
blocker tetraethylammonium (TEA), anion channel blocker nif-
lumic acid (NFA) and Ca2+ channel blocker lanthanum chloride
(LaCl3) (Fig. S4b). Thus, rapid change of guard cell apoplastic
pH in response to blue light and inhibition of blue-light-induced
stomatal opening by different inhibitors indicate the capacity for
fast turnover of cellular signal transduction, supporting rapid
blue-light response in Polypodiales ferns.

Guard cell chloroplasts can provide ATP to fuel blue light-de-
pendent stomatal opening (Schwartz & Zeiger, 1984; Shimazaki
& Zeiger, 1985; Lawson, 2009; Suetsugu et al., 2014). In this
study, guard cells of the leptosporangiate fern P. proliferum con-
tained around 100 chloroplasts, which is significantly higher than
we observed in either a lycophyte or an angiosperm (Fig. S5a).
The number of chloroplasts appeared to be a genetic feature of
stomata not related to the blue-light stomatal response (Fig. S5b,
c). However, the generally high number of chloroplasts in fern
guard cells (Figs 2, S5) may augment the rapid stomatal response
to blue light via photosynthesis-dependent stomatal opening.

Reactive oxygen species are essential secondary messengers and
signaling molecules in various plant responses to environmental
conditions (Moller & Sweetlove, 2010). We found a significant
and rapid increase of ROS production which peaked at 20 min in
guard cells of N. exaltata. By contrast, guard cells of the euspo-
rangiate fern A. evecta showed only minimal ROS production
(Fig. 2c,d). Arabidopsis thaliana showed distinct kinetics of blue-
light-induced ROS production that increased gradually over
50 min (Fig. 2c,d). The speed and timing of ROS production in
guard cells of ferns suggest that rapid production of ROS under
blue light in Polypodiales may assist in rapid stomatal opening.

Conservation of the blue-light signaling pathway in green
plants

To elucidate the molecular mechanisms associated with the rapid
stomatal response to blue light observed in Polypodiales, we con-
ducted a genetic similarity analysis (Chen et al., 2017; Cai et al.,
2017a,b) of key protein families related to the blue-light signaling
pathway (Inoue & Kinoshita, 2017). We analyzed protein
sequences from 53 protein families in nine major categories (e.g.
PHOT signaling pathway, CRY signaling pathway, starch

breakdown-mediated stomatal opening, HRB1/PP7-regulated
stomatal opening, red/UV-B photoreceptors, other blue-light-re-
lated pathways, transporters and ion channels) from 36 green
plant species (Fig. 3a; Tables S3–S6). Overall, the presence of 26
of 29 protein families is evolutionarily conserved across all land
plant lineages examined, including liverworts, mosses, lyco-
phytes, ferns, gymnosperms and angiosperms when using E
value < 10�5 as a selection criterion (Tables S3–S4). The two
aquatic ferns examined, Azolla filiculoides and Salvinia cucullata
from the order Salviniales, contained all 29 protein families with
high similarity to angiosperms (Fig. 3a; Table S4). We then
selected key species representing major clades of plant evolution
to compare the average size of each of the protein families
involved in blue-light signaling. We examined protein families of
nine categories, including photoreceptors (CRYs, PHOTs, ZTLs,
UVRs and PHYs; Fig. 2b; Table S3–S6), and found a similar
number of PHOTs, ZTLs, UVR8 and PHYs across all clades but
substantially more CRYs in Polypodiales (Figs 3b, 4, 5).

To further explore the molecular mechanisms underlying the
observed rapid stomatal response to blue light in ferns (Fig. 2a,
b), we conducted RNA sequencing in N. exaltata and quantita-
tive PCR (qPCR) experiments in N. exaltata, A. evecta, C.
richardii and A. thaliana under 1 h of 100 lmol m�2 s�1 blue-
light treatment. RNA sequencing of frond epidermal tissue
showed significant numbers of DEGs in response to blue light.
Positive regulator genes (such as FT, GI and ZTL) and negative
regulator genes (such as COP1, SPAs and ELF) of the CRY sig-
naling pathway were significantly upregulated or downregulated,
respectively (Fig. 3c; Table S7). In qPCR experiments, the fern
species N. exaltata and A. evecta showed distinct blue light-in-
duced gene expression patterns with more upregulation in DEGs
encoding blue-light signaling components, photoreceptors and
membrane transporters as compared with Arabidopsis (Fig. S6).
Most interestingly, blue light-induced expression of all six
CrCRYs of C. richardii (Fig. 3d) was similar to those in the tran-
scriptome of leaf epidermis of N. exaltata (Fig. 3c). Blue-light
upregulation of a unique CrCRY4 in C. richardii of Polypodiales
was particularly strong, with 5.5-fold higher upregulation
(Fig. 3d). The blue-light-induced expression patterns of these
genes in ferns were comparable to blue-light-induced gene
expression in key green plant species such as A. thaliana, Oryza
sativa, Physcomitrella patens, Chlamydomonas reinhardtii and
Phaeodactylum tricornutum, indicating a conserved evolution of
these genes in blue-light signaling (Table S7).

Cryptochrome duplication is linked to adaptation of
Polypodiales ferns in the understory

Cryptochromes emerged as the only blue-light receptor family
that showed significant difference in numbers between the Poly-
podiales and other green plant species (Fig. 3b–d). We then con-
ducted phylogenetic and evolutionary analyses of CRYs to
determine when this increase in gene copy numbers occurred
(Figs 4, 5, S7–S10). A total of 2167 protein translations of CRYs
from the OneKP transcriptome database and 109 protein transla-
tions from fern transcriptome datasets were used to reconstruct
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the phylogeny of CRYs in green plants (Figs 4, S7a–h). Impor-
tantly, CRYs in Chlorophyta and Charophyta form two indepen-
dent clades (Figs 4, S7), which may indicate a potential
evolutionary split between these two groups early in green plant
evolution. The CRYs in liverworts and mosses were derived from
within streptophytes, and those in ferns exhibited strong diversity
and multiple duplications (Figs 4–5, S7–S9).

There are two copies of CRYs in the three major lineages of
ferns that are successively sister to the leptosporangiates (e.g.
Ophioglossales, Psilotales and Equisetales), as well as in some lyco-
phytes, mosses, liverworts, streptophyte algae and chlorophyte
algae (Figs 3b, 5). The number of CRYs in the leptosporangiate
fern lineages Osmundales, Schizaeales, Gleicheniales and
Hymenophyllales increased to three following a gene-duplication
event (Figs 5, 6). Significantly, the number of CRYs increased
from two to six in the leptosporangiate fern clades Cyatheales and
Polypodiales (Figs 4–6), and these duplications are shared, reflect-
ing a close relationship between Polypodiales and Cyatheales, the

first and second largest orders of ferns, respectively (Fig. 1a). Our
molecular dating estimates suggest that the first duplication of
CRYs occurred around 386–418 Ma in the Devonian Period
(Fig. 6; Tables S8–S9), based on evidence that CRY1/2/5 and
CRY3/4 first originated in Isoetales (Figs 4–6, S8). From our
molecular dating studies, the second duplication event of CRYs
was estimated to have occurred between 373.9 and 404.9 Ma,
leading to the rise of the unique CRY5 in the ancestor of Polypo-
diales, Osmundales and Hymenophyllales (Figs 4–6, S8). Most
importantly, two duplication events for CRYs appear to have
occurred at 196.9–212.9 Ma and 151.8–164.4Ma, when CRY1,
CRY2, CRY3 and CRY4 were duplicated mainly in the Polypodi-
ales, possibly contributing to the successful adaptation and explo-
sive radiation of ferns in the late Mesozoic and Cenozoic era. In
comparison to the two duplication events of CRYs in Polypodi-
ales, there was little change in the number of photoreceptors in
other protein families (PHOTs, ZTLs, UVR8 and PHYs) during
the evolution of green plants (Tables S3–S4).

(a) (b)

(c)

(d)

St

Triacylglycerol

S

De

Fig. 3 Comparative genomics and transcriptome analysis of the blue-light signaling pathway. (a) Similarity heat map of blue-light-responsive protein
families in different plant and algal species. Colored squares indicate protein sequence similarity from zero (yellow) to 100% (red); gray indicates no match
of sequences in this species. (b) Number of photoreceptors in the major land plant and algal lineages. Arabidopsis thaliana,Oryza sativa, Amborella
trichopoda, Tsuga heterophylla, Adiantum capillus-veneris, Azolla filiculoides, Selaginella moellendorffii,Marchantia paleacea, Physcomitrella patens,
Klebsormidium flaccidum, Chlamydomonas reinhardtii, Ectocarpus siliculosus and Porphyra yezoensiswere representative species in each order. The
number of cryptochromes (CRYs) in Adiantum capillus-veneri is marked in red. (c) Transcriptome of differentially expressed genes (DEGs) of epidermal
layers of the fern Nephrolepis exaltata in the key blue-light signaling pathways (based on Arabidopsis) in response to 100 lmol m�2 s�1 blue light. (d)
Gene expression of cryptochromes (CRYs) in response to blue light in the fern Ceratopteris richardii. Data are the average of three biological replicates and
three technical replicates, and the error bars represent SD. *, P < 0.05; **, P < 0.01.
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Discussion

Rapid stomatal blue-light responses confer ecological
advantages for leptosporangiates

We found widespread rapid stomatal sensitivity to blue light in
leptosporangiate ferns, together with significantly slower stomatal
sensitivity in eusporangiate ferns (Figs 1, 2). Until now, leptospo-
rangiate fern stomata were considered generally unresponsive to

blue light (Doi et al., 2006, 2015; Doi & Shimazaki, 2008)
except Regnellidium diphyllum and Marsilea minuta (Mar-
sileaceae, Salviniales) (Westbrook & McAdam, 2020). Mar-
sileaceae have larger blue-light stomatal responses and higher
photosynthetic capacities than other leptosporangiate ferns, pos-
sibly as a result of their amphibious lifestyles and having many
anatomical features similar to angiosperms (Westbrook &
McAdam, 2020). However, the conclusions from previous stud-
ies (Doi et al., 2006, 2015; Doi & Shimazaki, 2008) were based

Fig. 4 Phylogeny of cryptochromes (CRYs) reconstructed from 2276 protein sequences of green plants. These protein translations were obtained from the
OneKP database (2167 sequences) and a fern transcriptome dataset (109 sequences). Detailed information on the phylogeny of CRYs in green plants is
given in Supporting Information Fig. S7.
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on applying low (c. 5 lmol m�2 s�1) blue light with a back-
ground of high-intensity red light. Following a similar protocol
but using high-intensity blue light (100 lmol m�2 s�1), our
results showed no additive effect of blue light on stomatal aper-
tures that were already open under red light (Fig. S3). The blue-
light response in leptosporangiate ferns therefore appears to be an
adaptation to conditions where incident light falling on leaves is
highly depleted in red wavelength intensities relative to blue, as
in the forest understory (Endler, 1993).

The advantages of a rapid blue-light stomatal response are
two-fold. First, gas-exchange data for the leptosporangiate fern
N. exaltata shows that, for the same intensity, blue light alone
triggers a greater increase in stomatal conductance than red light
alone (Figs 2, S2–S3). Second, rapid stomatal response is an
advantage in conditions where plants rely on utilization of brief
periods of localized leaf illumination (sun flecks), which typifies
the light environment beneath dense forest canopies (Way &
Pearcy, 2012). It is notable that the rate of stomatal opening
observed in leptosporangiate ferns in response to blue light
(Fig. 2b) is comparable to that seen in modern grasses, which
have an exceptionally rapid stomatal response to red plus blue
light (Franks & Farquhar, 2007). Our results are also consistent
with a recent report comparing stomatal effects on light induc-
tion of photosynthesis in 15 species of ferns, gymnosperms and
angiosperms. It was found that species with fast stomatal open-
ing, such as ferns, forgo less photosynthesis during

photosynthetic induction. Shade-adapted species possess stomata
that are fast-opening but slow-closing, indicating ecological adap-
tation to maximize light fleck use (Deans et al., 2019).

The association of stomatal responses of ferns with different
stimuli suggests coordination of hydraulic and photosynthetic
signaling networks modulating fern stomatal responses. In a
global comparison (Wright et al., 2004), ferns presented signifi-
cantly lower photosynthetic capacities and intrinsic water-use
efficiency than any functional group within seed plants for similar
leaf mass per area and nitrogen contents. For instance, three fern
species had values for Rubisco specificity factor (SC/O) similar to
those typical of seed plants, but values of A, gs, mesophyll con-
ductance (gm) and maximum velocity of carboxylation (Vc,max)
were within the lowest range of those observed in seed plants
(Gago et al., 2013). However, fern species showed a wider range
of stomatal responses than previously reported for angiosperms
(Figs 1, 2). The striking variation in sensitivity of fern stomata to
different environmental stimuli and in the magnitude of their
responses across species and habitats demonstrates the capacity of
ferns for diverse optimization of hydraulic and metabolic needs
at both growth and evolutionary timescales.

Many plant species, and most ferns, cannot outcompete tall
trees for access to light and have developed strategies for shade
tolerance to cope with dim light and to optimize light capture
(Gommers et al., 2013). The Cretaceous decline in diversity and
range of many eusporangiate fern species followed by the

Fig. 5 Duplication of cryptochrome (CRYs) in green plants. Four gene duplication events of CRYs are marked in yellow at the nodes of duplication. The
bootstrap values (%) were displayed as branch labels.Microspora cf. tumidula (Chlorophyta) MitCRY1was designated as the root of the phylogenetic
tree.
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diversification of leptosporangiate ferns points to a fundamental
shift in functional traits that distinguishes leptosporangiate from
other fern lineages. Fern species that dominated in the early
Mesozoic may have lacked the adaptive capability and sensitivity
to grow in habitats shaded by dense forest canopies
(Augustynowicz & Gabrys, 1999; Watkins & Cardel�us, 2012).
Evolution of enhanced stomatal light response mechanisms,
linked to the duplication of CRYs in ferns, may have been a key
factor that triggered the diversification of leptosporangiate ferns,
particularly Polypodiales, during the competitive displacement of
older fern lineages.

Multiple duplications of CRYs contribute to fern radiation
in the understory

We have discovered that Polypodiales acquired four more copies
of blue-light photoreceptor genes in the CRY family for a total of
six, tripling the number of CRYs in this clade relative to other
fern lineages. This increase in molecular machinery for driving

the stomatal response to blue light is consistent with the height-
ened sensitivity of Polypodiales fern stomata to blue light
(Figs 1–5). Therefore, it is likely that Polypodiales ferns have
experienced at least one gene duplication while radiating in the
subcanopy of angiosperm forests (Fig. 6). Gene duplication is
generally viewed as the source of new material for the evolution
of new gene functions (Lynch & Conery, 2000; Ohno, 2013).
Analysis of P. patens cry1a and cry1b loss-of-function mutants
demonstrated that PpCRY1a and PpCRY1b mediate blue-light
responses in a redundant manner (Imaizumi et al., 2002; Lin,
2002). The CRY family appears to have evolved via an initial
duplication on the fern stem lineage, producing the ancestral
CRY1/2 and CRY3/4 paralogs. CRY5 originated from duplica-
tion of the CRY1/2 paralog. Two additional duplications pro-
duced CRY1 and CRY2 on the stem branch of Cyatheales and
Polypodiales, and CRY3 and CRY4 on the stem branch of Poly-
podiales, after the divergence from Cyatheales. Both Cyatheales
and Polypodiales are within the leptosporangiates, comprising
the majority of extant fern species (Imaizumi et al., 2002; Lin,

T

Time (Ma)

Fig. 6 The calibrated time of duplication of cryptochromes (CRYs) for the evolution and diversification of ferns. The phylogenetic tree and the time of
species diversification were generated by TIMETREE (http://www.timetree.org/; for more detail see Supporting Information Tables S8, S9). Four duplication
events are labeled with orange, brown, purple and cyan boxes. The width of the boxes represents the estimated time-frame for gene duplication, and the
length of the boxes represents the coverage of lineages. The estimated times of gene duplication were 386–418 Ma (orange), 373.9–404.9 Ma (brown),
196.9–212.9 Ma (purple) and 151.8–164.4 Ma (cyan). Geological timescale abbreviations: Ng, Neogene; Pg, Paleogene; MIS, Mississippian; S, Silurian; O,
Ordovician; C, Cambrian; CRI, Cryogenian; STA, Statherian.

New Phytologist (2021) � 2020 The Authors

New Phytologist� 2020 New Phytologist Foundationwww.newphytologist.com

Research

New
Phytologist10

http://www.timetree.org/


2002). The number of CRYs is fairly consistent across chloro-
phyte and streptophyte algae as well as land plants, with the
exception of ferns (Figs 3–5). Polypodiales acquired as many as
six copies of CRYs after these four gene duplications, including
two unique duplications that we estimate occurred in the Meso-
zoic era (151.8–212.9 Ma) (Figs 5, 6). In Asplenium yunnanense
(a member of Polypodiales), the sequence, structure and phyloge-
netic analysis of AyCRYs indicated that these proteins possess the
typical photolyase homology region and C-terminal region of
CRY (CCT) domain characteristics and comprised two distinct
groups that are separate from other plants (Imaizumi et al., 2000;
Lin, 2002). Thus, the large number and remarkable differences
in protein structure of CRYs in ferns may have promoted the
evolution of novel functions to improve the utilization of light in
shady habitats.

In some green plants, NEO1/PHY3 contains a PHY sensory
module and a PHOT domain (Nozue et al., 1998; Christie,
2007; Yang et al., 2017), and NEOs have originated twice in
green plant evolution (in Zygnematalean algae and hornworts).
Hornwort NEOs were subsequently transferred horizontally to
some ferns, conferring a significantly higher light sensitivity on
that lineage and its descendants (Li et al., 2014). Molecular dat-
ing has placed the divergence time between fern and hornwort
NEOs at around 178 Ma (Li et al., 2014), which fits between the
two duplication events calculated here for CRYs during the evo-
lution of Polypodiales ferns, at 196.9–212.9 Ma and 151.8–
164.4 Ma (Fig. 6). Therefore, NEOs probably also played a criti-
cal role in facilitating the diversification of ferns under
angiosperm-dominated canopies (Schneider et al., 2004; Kanegae
et al., 2006; Schuettpelz & Pryer, 2009). However, NEOs have
so far only been found in a few species (Suetsugu et al., 2005;
Yang et al., 2017), which may limit their potential role for adap-
tation of modern ferns to low light. By contrast, the multiple
duplication of CRYs and the significant correlation between
number of CRYs and number of species in each of the 11 fern
orders (Fig. S11) may represent the key mechanistic innovation
underlying the adaptation and radiation of Polypodiales in low,
blue-enhanced light.

Conclusion

The duplication of CRYs around 200 Ma may have been a criti-
cal event leading to evolution of enhanced stomatal responses to
blue light in Polypodiales ferns, fueling their diversification as
angiosperms came to dominate global forest canopies. Our new
findings are consistent with an evolutionary model in which rapid
stomatal response to blue light and the duplication of CRYs con-
ferred an ecological advantage on Polypodiales ferns, assisting
their exploitation of the forest understory habitat as they diversi-
fied through the Cretaceous and Cenozoic geological time peri-
ods.
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