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The fern Platycerium bifurcatum is a valuable component of the flora of tropical forests, where degradation of 
local ecosystems and changes in lighting conditions occur due to the increasing anthropogenic pressure. In ferns, 
phytochrome mechanism responsible for the response to changes in the value of R/FR differs from the mechanism 
observed in spermatophytes. This study analyzed the course of ontogenesis of nest leaves in P. bifurcatum at two 
values of the R/FR ratio, corresponding to shadow conditions (low R/FR) and intense insolation (high R/FR). The 
work used only non-destructive research analysis, such as measurements of reflectance of radiation from the 
leaves, their blue-green and red fluorescence, and the chlorophyll a fluorescence kinetics. This allowed tracing the 
development and aging processes in the same leaves. Nest leaves are characterized by short, intense growth and 
rapid senescence. The study identified four stages of development of the studied leaves related to morphological 
and anatomical structure and changing photochemical efficiency of PSII. Under the high R/FR ratio, the rate of 
ontogenesis of the leaf lamina was much slower than under the low R/FR value. As shown, the rapid aging of the 
leaves was correlated with faster decline of the chlorophyll content. It was shown that leaf senescence was accom-
panied by accumulation of polyphenols, anthocyanins and carotenoids on the basis of reflectance and fluorescence 
measurements in the blue-green range.
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Area – surface area above the chlorophyll fluorescence induction curve; ARI – anthocyanin 

reflectance index; BRI – browning reflectance index; CRI1 – carotenoid reflectance index; 
DI0/RC – total energy dissipation not trapped by the PSII reaction center; ET0/RC – rate of electron 
transfer by the active PSII reaction center; Fv/F0 – maximum efficiency of the water-splitting reaction 
of the donor side of PSII; Fv/Fm – maximum quantum yield of PS II; H – R/FR higher value of the 
red/far red ratio; L-R/FR – lower value of the red/far red ratio; PAR – photosynthetically active 
radiation; PI – PSII vitality index; PSII – photosystem II; QA – plastochinon QA; RC – reaction center; 
RC/ABS – reaction center density ratio in terms of chlorophyll; R/FR – photon intensity between 
660-670 nm/photon intensity between 725-735 nm; TR0/RC – energy trapping of one active reaction 
center; WBI – water band index.
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A LOW RATIO OF RED/FAR-RED IN THE LIGHT SPECTRUM 
ACCELERATES SENESCENCE IN NEST LEAVES 

OF PLATYCERIUM BIFURCATUM

INTRODUCTION 

Sunlight determines not only the photoche mical 
reactions of the light phase of photosynthesis, 
but also carries important biological information 
on the current state of the external environment. 
This information allows acclimation to changing 
environmental conditions already at an early 

stage of ontogeny, inter alia, by the activation 
of genes responsible for regulating growth and 
developmental processes, not directly related to 
photosynthesis (Kraepiel et al., 2001; Kodis et 
al., 2004). These include, for example, coloration 
of leaves, shoot growth or physio-morphological 
changes associated with tissue aging (Schaefer and 
Nagy, 2006). The quality of light, understood as the 
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spectral composition, should be attributed a special 
role in the process of photomorphogenesis. The 
specific qualitative ratio of red to far-red waves 
(R/FR) in the white light spectrum regulates growth 
processes in plants. In photosynthetic organisms, 
this phenomenon is possible, among others, 
thanks to the presence of substantial quantities 
of phytochromes both in the cytoplasm and in 
nuclei of cells in actively growing tissue (Kircher 
et al., 1999; Yamaguchi et al., 1999). However, the 
mechanism of action of phytochromes seems to 
be different in various groups of photosynthetic 
organisms (Rösler et al., 2010). In spermatophytes, 
phytochrome is activated by red light and is partly 
transferred to the cell nucleus, taking part in the 
regulation of gene expression and giving rise to 
metabolic pathways that play a signaling function 
in photomorphogenic processes (Neff et al., 2000). 
This is made possible by the isomerization of 
the chromophore group of the phytochrome and 
the conformational change of its protein portion, 
which allow interaction with other cell modulators 
(Ponting and Aravind, 1997). However, part of the 
activated phytochrome pool remains within the 
cytoplasm and plays control functions only at the 
biochemical level. This is evidenced by the high 
speed of some phytochrome reactions (Rösler 
et al., 2010). However, in ferns, it was suggested 
that the phytochrome is located exclusively in the 
cytoplasm, without translocation to the nucleus, 
similarly as in mosses (Wada, 1988). In addition, at 
an early stage of gametophyte development in ferns, 
reactions related to phototropism and chloroplast 
relocation that depend on the R/FR ratio are 
regulated – as in mosses – outside the nucleus 
(Kadota and Wada, 1999). The effect of light 
during morphogenesis is possible probably due 
to the simultaneous functioning of at least several 
receptors, which allows the course of several, often 
complementary, parallel reactions (Kendrick and 
Kronenberg, 1994). Hybrid photoreceptors called 
“superchromium” with common characteristics 
of phytochrome and phototropin, showing 
photoreversibility with respect to red and far red, 
were found in different species of ferns (Briggs 
and Olney, 2001). They can play an important 
role in ferns growing in shadow conditions 
(Kawai et al., 2003).

The diploid form of Platycerium bifurcatum, 
constituting the dominant generation, has two 
types of leaves. Nest leaves (trophophylls) form 
the so-called conch, with a diameter of approx. 
30 cm. They are responsible for keeping the plants 
on the tree trunk and enable collection of humus 
and water, the shortages of which the plant is 
periodically exposed to. In ontogenesis, their color 
turns brown, losing assimilation functions, for 
which sporotrophophylls are responsible. These 

leaves have a green color, ribbon-like shape, with 
a distinctive dichotomously forked ending. In 
addition, they perform the functions associated 
with spore production. The natural areas of 
Platycerium occurrence are the tropical forests of 
Australia and New Guinea, in which tree canopies 
play a special role in the regulation of lighting, 
temperature and humidity. The color of the light is 
substantially modified under natural shading in the 
deeper layers of the forest (Nadkarni et al., 2004). 
The low R/FR ratio is caused by absorption of 
radiation in the blue and red wavelength range by 
the higher parts of the vegetation. Moreover, the 
presence of other plants in the vicinity can also 
modify the spectral composition of light through 
the phenomena of absorption and reflectance. 
The multidimensional nature of the plant makes 
the angle of incidence of sunlight heterogeneous 
in individual organs (especially leaves). Increased 
human activity in the zone of tropical forests results 
in additional intensity fluctuations and changes 
in spectral composition of light reaching the 
plants located in the lower forest layers, including 
epiphytes such as P. bifurcatum.

Leaf senescence depends on both genetic and 
environmental factors (Weaver and Amasino, 2001). 
It involves changes in the composition of plant 
pigments present in the leaves that determine tissue 
color (Merzlyak et al., 2003) and is regulated by 
the phytochrome mechanism (Behera and Biswal, 
1990). Therefore, the result of leaf senescence is its 
color change, which is a consequence of the process 
of chlorophyll disintegration and degradation of 
chloroplast ultrastructure, and the loss of turgor 
of cells that build the lamina. Both the intense light 
and shadow can initiate and regulate the rate of leaf 
senescence, although the mechanism is similar to 
the natural aging conditioned by species phenology 
(Causin et al., 2006). In addition, the spectral 
composition of light with increased content of far-
red reaching the leaves of plants growing under 
the canopy, often accelerates the process of leaf 
senescence. With an increase of the R/FR ratio, an 
opposite effect is observed, suggesting that this 
process is controlled by the phytochrome (Biswal 
and Biswal, 1984).

The aim of this study was to determine the 
morphological and physiological changes in 
nest leaves of P. bifurcatum occurring during 
sporophyte ontogenesis, at different values of the 
R/FR ratio in the light spectrum. Appropriately 
low (L-R/FR) or high (H-R/FR) R/FR value provides 
information about shading or insolation of the 
plant. The study used non-destructive methods, 
which enabled tracking physiological changes 
within the same leaves. In addition to assessing 
the photochemical efficiency of the nest leaves, the 
content of chlorophyll and phenolic compounds 
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was estimated. An analysis of the light radiation 
reflectance from the leaves was also performed, 
which allowed to describe, inter alia, changes in the 
content of carotenoids and anthocyanins during 
leaf senescence. In addition, morphological and 
anatomical analysis was carried out. Knowledge 
of the physiology of this species, the course of 
ontogenetic development and response to changes 
in abiotic environmental factors may be useful for 
producers of ornamental plants.

MATERIALS AND METHODS 

PLANT MATERIAL 

The study used 10-month sporophytes of 
Platycerium bifurcatum (Cav.) C. Chr., derived 
from the collection of the Pedagogical University 
in Kraków. Twenty-two plants of similar size 
were selected, at the same stage of morphological 
development and divided into two equal groups. Six 
weeks before the start of the measurements, two 
groups of plants were placed in a Flowstar Snijders 
Scientific climate chamber (The Netherlands) 
equipped with LED lighting, which allowed the 
emission of radiation at certain wavelengths: 450, 
650 and 730 nm. The first group was exposed to 
radiation with a low red/far-red ratio – L-R/FR, 
which was simulating shadow conditions. The 
second group of plants was grown under the light 
with a high ratio of R/FR (H-R/FR) – simulation 
of well insolated habitats. These conditions were 
achieved by limiting the far-red radiation (730 nm). 
A slight increase in the intensity of radiation in the 
blue range allowed compensating for the amount 
of energy that reached the plants in both groups 
(Oliwa et al., 2016). All plants were grown at 
25°C/15°C with a photoperiod of 16/8 hours (day/
night, respectively). Humidity was constant at 
RH = 60%. 

MORPHOLOGICAL AND ANATOMICAL ANALYSIS 
OF THE NEST LEAVES 

The analysis of morphological changes in the nest 
leaves occurring during sporophyte development 
was carried out every 7 days for 12 weeks, along 
with photographic documentation. The range and 
rate of these changes was compared in plants 
cultivated in two different spectral conditions. 

The analysis of the anatomy was performed 
on microscope slides in distilled water, 
representing cross-sections of the leaf lamina 
using a light microscope and a Nikon ECLIPSE 
Ni epifluorescence microscope (Nikon, Japan) 
equipped with Microscope Camera Digital Sight 
series DS-Fi1c and NIS Imaging, Nikon v. 4.11 

software. Classification of developmental stages 
of the nest leaves was compiled on the basis of 
morphological and anatomical differences.

MEASUREMENTS OF KINETIC PARAMETERS 
OF CHLOROPHYLL A FLUORESCENCE

Chlorophyll a fluorescence was measured using 
a Handy-PEA Hansatech Instruments fluorim-
eter (UK) according to the method of Strass-
er et al. (2000). Selected fluorescence param-
eters were determined: Fv/Fm, Area, Fv/F0, PI and 
RC/ABS. In addition, the following parameters of 
energy flow through PSII were determined: TR0/RC, 
ET0/RC, DI0/RC.

Leaf measurements at each development 
stage were performed on the upper surface of the 
leaf lamina at 20°C. A commercial clip equipped 
with an iris was used for the measurements. The 
plant was acclimated in the dark for 20 minutes in 
order to quench the light phase of photosynthesis 
reaction after mounting the clip. Radiation with an 
intensity of 3 mmol m−2 s−1

 was used for excitation 
of chlorophyll fluorescence. The measurement 
results were analyzed using PEA Plus Hansatech 
Instruments software (UK). 

SPOROTROPHOPHYLL SPECTROPHOTOMETRICAL 
ANALYSIS 

Fluorescence emission spectra of the leaves were 
obtained using a Perkin Elmer LS55 spectro-
fluorimeter with external fiber optic accessory based 
on the method of Lichtenthaler and Schweiger 
(1998). The measurements were performed on the 
upper surface of the leaf lamina, in two ranges of 
radiation: blue-green (430–650 nm) and red and 
far-red (600–800 nm). This provided the possibility 
of determining the intensity of fluorescence derived 
from phenolic compounds and chlorophyll, 
respectively. The analysis included the same leaves 
at all times. Based on the analysis of the fluorescence 
spectra obtained by FL WinLab 4.0 software, we 
calculated the following coefficients for assessing the 
impact of environmental factors on the metabolism 
of the plant: F450/F530, F450/F684, F450/F735 and 
F684/F735 (Schweiger et al., 1996).)The experiment 
was performed in five replicates for each spectral 
light composition (L-R/FR and H-R/FR).

ASSESSMENT OF SPOROTROPHOPHYLL 
OPTICAL PROPERTIES 

The reflectance spectrum of the light radiation in 
the range of 400–1000 nm was measured using 
a CID Bio-Science CI-710 spectrometer (USA) 
with SpectraSnap software. The measurements 
were performed for all stages of leaf development. 
Reflectance coefficients were calculated based 
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on the analysis of spectral reflectance – enabling 
the assessment of changes, during different 
phases of leaf development, in the content of: 
anthocyanins, ARI = (R550

−1 – R700
−1) × R800 

(Gitelson et al. ,  2001); carotenoids, 
CRI1 = (R520

−1 – R550
−1) × R800 (Gitelson et 

al., 2002) and water, WBI = R900 × (R970)−1 
(Peñuelas et al., 1993). In addition, browning 
reflectance index, BRI = (1/R550 – 1/R700)/R750 was 
calculated for leaves at all developmental stages 
(Chivkunova et al., 2001). The letter R in equations 
is the reflectance intensity at the radiation 
wavelength given in subscript.

STATISTICAL ANALYSIS

Statistical analysis was performed using ANOVA 
implemented in the Statistica 10 software (StatSoft, 
Poland). The significance of differences was 
determined at p ≤ 0.05 using post-hoc HSD Tukey 
test and Duncan test. 

RESULTS AND DISCUSSION

MORPHOLOGICAL AND ANATOMICAL ANALYSIS 
OF THE NEST LEAVES

The principle functions of the nest leaves, i.e., 
collection of water and minerals and anchoring 
the plant to the substrate, force different structure 
and physiology of these organs in comparison 
with sporotrophophylls (Oliwa et al., 2016). 
Relatively short, intense growth in the size of 
the lamina was observed in the development of 
the nest leaves combined with the formation of 
characteristic venation and rapid loss of chlorophyll 
and assimilation properties in browning leaves 
(Fig. 1). The course of individual processes at 
a morphological level can be divided into four main 
stages of development: I – juvenile stage (Figs. 1a-e), 
II – intensive development stage (Figs. 1a-c and f), 
III – aging symptoms stage (mosaic leaf; Figs. 1d 
and e), IV – terminal stage (brown leaf; Fig. 1e). At 
the first stage (I), the leaf adopts a heart shape with 
smooth texture, light green color and is covered 
with a thick tomentose on the upper side of the 
lamina, which is particularly well visible in Figs. 1d 
and e. At the end of the stage, darker veins become 
visible in the base portion of the leaf (Fig. 1e). Stage 
II is characterized by a rapid increase in the size of 
the leaf that is becoming intensely green in color 
with light brown venation on the whole surface. 
The tomentose covering the leaf disappears. The 
characteristic bending of the lamina takes place 
leading to the formation of the conch (Figs. 1b 
and c). The leaf size at the beginning of stage III 
is established, signs of tissue aging are visible 

and they are associated with the loss of turgor 
and pigments, resulting in local yellowing and 
browning of leaves. This gives the characteristic 
mosaic appearance of the lamina – with alternating 
green, yellowed and brown areas (Figs. 1c–e). At 
the terminal stage IV, leaf cells are mostly dead and 
the lamina becomes brown on the whole surface 
(Fig. 1d).

The R/FR ratio modifies the process of 
development and physiological properties of the 
nest leaves. Although the structural changes occur 
in a similar manner at both low and high R/FR 
ratio, the time when particular developmental 
stages are reached is fundamentally different. In 
plants growing in the L-R/FR conditions, the rate 
of ontogenetic development is faster than in those 
growing under H-R/FR. This is demonstrated by 
different numbers of leaves present at particular 
stages of development (Table 1). After ten weeks 
of growth, sporophytes exposed to the L-R/FR 
radiation had on average more leaves at stages 
III and IV than younger leaves at stages I and II, 
suggesting a rapid process of maturation and 
aging. Under the L-R/FR conditions, leaves at stage 

Fig. 1. Developmental stages of nest leaves (I–IV) at sub-
sequent stages of growth of young Platycerium bifurca-
tum sporophytes (a–f) observed in 14-day intervals for 
12 weeks, sp – sporotrophophyll leaf.
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IV appeared as early as in week 8 of growth, while 
under H-R/FR only in week 12 and in a low number. 
Thus, in the spectrum with less far-red, leaf growth 
and tissue aging was delayed. A similar pattern 
was observed in a study performed in Helianthus 
annuus (Rousseaux et al., 2000). These authors’ 
results suggested that the increase in R/FR in this 
species delayed the aging process of the basal leaves 
before the flowering period. Supplementation of 
the light spectrum with far-red (reducing the R/FR 
ratio) in barley slowed the aging process of 
herbaceous parts of plants (Skinner et al., 1993).

No significant changes were observed in the 
anatomical structure at the subsequent stages of 
development of the nest leaves, both at high and 
low values of the R/FR ratio in the spectrum of light 
(Fig. 2). The leaves were amphistomatic, vascular 
bundle was located centrally, sclerenchyma was 
present on both sides of the bundle. Chloroplasts 
in the parenchyma at stages I and II were present 
predominantly in cell layers adjacent to the 
epidermis (more numerous on the upper side) 
and around veins (Figs. 2a–b and c–d). At stage III, 
a significant decrease in the number of chloroplasts 
in the cells was observed, accompanying the process 
of senescence (Fig. 2e). At stage IV, a few living 
chloroplasts were present only in the parenchyma 
cells directly under the epidermis and around the 
vascular bundle (Figs. 2f and g). The parenchyma 
cells located deeper were larger with intercellular 
spaces, however, compared to the sporotrophophyll 
leaves, the intercellular spaces were significantly 
smaller (Oliwa et al., 2016). Such a structure of 
the parenchyma is associated with the function 
of collecting and storing water by the young nest 

Fig. 2. Cross-section of a nest leaf of Platycerium bifur-
catum (the elkhorn fern or the staghorn fern). (a, c, f) ob-
served in transmitted white light, (b, d, e, g) observed us-
ing epifluorescence microscopy. (a, b) stage I, (c, d) stage II, 
(e) stage III, (f, g) stage IV of development of the nest leaves. 
ab – abaxial, ad – adaxial, ch – chloroplasts, sc – scleren-
chyma, tr – trichomes, ve – vein.

TABLE 1. The average number of the nest leaves in one specimen of the fern Platycerium bifurcatum in the subsequent 
stages of sporophyte development at a low (L-R/FR) and high (H-R/FR) radiation ratio of red to far-red, n =  20.

R/FR
ratio

Growth
phase*

Number of leaves/plants

Growth time [weeks]

4 5 6 7 8 9 10 11 12

L-R/FR

I 2 1 1 1 1 0 0 0 1

II 1 2 2 2 1 1 1 1 0

III 0 0 0 1 1 2 1 1 1

IV 0 0 0 0 1 1 2 2 3

H-R/FR

I 1 1 1 1 1 1 1 1 1

II 0 0 0 1 1 1 1 1 1

III 0 0 0 0 0 0 1 1 1

IV 0 0 0 0 0 0 0 0 1

* See more information in the text.
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leaves. This was also evidenced by the distribution of 
chloroplasts in cells at particular stages of leaf growth 
and development. In turn, reduced photosynthetic 
activity of the nest leaves did not require expanded 
intercellular spaces in the mesophyll. 

MEASUREMENTS OF KINETIC PARAMETERS 
OF CHLOROPHYLL A FLUORESCENCE

The analysis of changes in the parameters 
of chlorophyll a fluorescence kinetics, using 
a continuous excitation fluorimetry method (PEA), 
enables rapid and non-invasive evaluation of 
the efficiency of light phase photosynthesis, and 
therefore, it is one of the more commonly used 
techniques in physiological studies (Maxwell and 
Johnson, 2000).

Maximum photochemical performance (Fv/Fm) 
of the nest leaves in plants growing under 
conditions of simulated shadow, with greater 
participation of far-red in the light spectrum 
(L-R/FR) did not change at the next stages of 
growth, and a significant decrease was observed 
only at the terminal stage (IV), when the leaves 
were almost completely devoid of chlorophyll. The 
values of the Fv/Fm parameter at the first two stages 
of leaf growth of the plants growing under H-R/
FR parameter also did not differ from each other 
and were similar to those observed under L-R/FR, 
ranging close to the optimal values (Bjorkman 
and Demmig, 1987). Under H-R/FR, the number 
of leaves reaching stages III and IV was so low 
that it prevented performing a sufficient number 
of measurements. For this reason, efficiency 

parameters of PSII in H-R/FR in the aforementioned 
conditions were not analyzed. Earlier observations of 
sporotrophophyll leaf development in P. bifurcatum 
also suggested that the high red/far-red ratio slowed 
down the processes of morphogenesis of the leaf 
lamina, even though the nest leaves demonstrated 
a weaker response to changes in the R/FR ratio 
than sporotrophophylls (Oliwa et al., 2016). Behera 
and Biswal (1990) indicate that red light delays 
senescence process in ferns.

The area coefficient describes the amount of 
energy transferred from the active PSII center to 
plastoquinone QA. Area values increased during the 
growth of the nest leaves (stages I and II – Table 2). 
The pool of available PSII acceptors at particular 
stages of development underwent fluctuations, 
which corresponded to changes in chlorophyll 
content in the leaves – the highest value was 
observed at stage II. Since the emergence, a new leaf 
grows intensively till the venation stage. The latter 
can be considered as reaching full physiological 
development, after which gradual extinguishing 
of metabolic function begins until reaching the 
terminal stage. Area parameter values reflect the 
above-described changes (Table 2). The trend of 
area changes at stages I and II was similar in both 
spectral configurations, but under L-R/FR, the 
amount of available QA was higher than in H-R/FR. 
These observations confirmed previous reports 
indicating slowing of reactions associated 
with tissues aging under intensive radiation 
(Rousseaux et al., 2000).

The activity of the water-splitting complex at the 
subsequent stages of leaf development, as measured 

TABLE 2. The values of chlorophyll a fluorescence parameters in the subsequent growth stages (I–IV) of the nest leaves of 
Platycerium bifurcatum at a low (L-R/FR) and high (H-R/FR) red/far-red ratio (R/FR). Values in the column marked with 
the same letters are not significantly different at p ≤ 0.05 according to Duncan test, n = 5.

R/FR ratio
Growth
phase*

Parameters describing PSII photochemical efficiency

Fv/Fm Area Fv/F0 PI RC/ABS TR0/RC ET0/RC DI0/RC

L-R/FR

I 0.76a 19506c 3.47b 1.71a 0.88ab 711b 650b 244a

II 0.79a 31794a 3.86a 1.26b 0.97ab 1045a 940a 236a

III 0.76a 19687c 3.16b 0.56c 0.62b 868ab 802ab 229a

IV 0.51b 1100d 0.35c 0.25c 0.18c 10c 13c 14b

H-R/FR

I 0.77a 17279c 3.38b 1.05b 1.08a 693b 645b 244a

II 0.76a 25536b 3.14b 1.15b 0.88ab 927a 1008a 222a

III n.d.** n.d. ** n.d. ** n.d. ** n.d. ** n.d. ** n.d. ** n.d. **

IV n.d. ** n.d. ** n.d. ** n.d. ** n.d. ** n.d. ** n.d. ** n.d. **

* More information in the text.
** Lack plants in these phase of growth.
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by the value of the Fv/F0 parameter, was similar to 
changes in the maximum photochemical efficiency 
(Fv/Fm). It significantly increased only at the most 
intensive stage of leaf development (II) in plants 
grown under L-R/FR (Table 2). The sharp decline 
of Fv/F0 values at stage IV informs about the loss 
of the acceptor function of part of the PSII reaction 
centers (Pereira et al., 2000). The PI parameter (PSII 
vitality) can also be used to determine the inner 
strength of plants that allows counteracting external 
stressors. The systematic decline in the PI value of 
plants growing under L-R/FR is consistent with the 
discussed trend of the nest leaf development. It is 
determined by the number of active reaction centers, 
as well as the quantum yield of photosynthesis and 
depends on the efficiency of the redox reaction of the 
dark phase (Strasser et al., 2000, 2004). However, 
it is interesting that, in contrast to the previously 
discussed indices, the PI value is the highest in 
leaves at stage I of growth (Table 2).

Photosynthetic efficiency (RC/ABS) describing 
the density of reaction centers was reduced 
between stages III and IV of growth (Table 2). This 
demonstrated fast processes of chloroplast aging 
and loss of pigments. Such a correlation of the 
RC/ABS ratio with a loss of chlorophyll was also 
observed in plants of the genus Oryza (Falqueto et 
al., 2010).

TR0/RC and ET0/RC parameters (Table 2), 
describing the energy captured by one RC and the 
speed with which the electrons are transferred 
by it, confirmed the substantial increase in 
the photosynthetic activity at stage II of leaf 
development and subsequent decline associated 
with senescence. The decrease in chlorophyll 
content is combined with the TR0/RC decline, which 
was confirmed by the report of Castro et al. (2011). 
At stages I and II of development, the differences 
in TR0/RC and ET0/RC values between the leaves 
growing under L-R/FR and H-R/FR were statistically 
insignificant. This indicated, in both cases, the 
efficient use of reaction centers by leaves and a high 
ratio of the number of RC to QA, which ensures an 
appropriate transfer rate of electrons (Stasser et 
al., 2000). Furthermore, close spatial arrangement 
of leaf blades and their overlap hinders uniform 
absorption of radiation by all leaves. Hence, 
organs less exposed to radiation can react less to 
differences in the R/FR ratio. The DI0/RC factor of 
energy dissipation must also be considered in the 
context of both of these parameters. The nest leaves 
are globally characterized by a lower number of 
RCs than in sporotrophophylls, which is probably 
due to the lower energy requirements. This is 
understandable in view of their role and high 
potential of the dissipating surface. Thus the high 
value of the parameter is not surprising. As regards 
the leaves growing under L-R/FR, the DI0/RC 

value drastically decreased only at the moment of 
chlorophyll loss after entering the terminal phase 
of development.

BLUE-GREEN AND RED LEAF FLUORESCENCE

Fluorescence spectra of the nest leaves of P. bifu-
rcatum growing both under high and low R/FR 
values had two extremes (Figs. 3a and 3b). In the 
blue-green spectrum, a clear peak was visible with 
a maximum at 530 nm (Fig. 3a). Therefore, the peak 
maximum is shifted to longer wavelengths compared 
to the results obtained for the spermatophytes, 
where the main emission band is typically in the 
ranges of 430–450 nm and 520–530 nm (Stober and 
Lichtenthaler, 1992; Lichtenthaler and Schweiger, 
1998). In P. bifurcatum only a shoulder of the peak 
was observed in the blue range spectrum, however, 
changes in the course of fluorescence curves may 
vary depending on the absorption characteristics 
of the leaves (Stober and Lichtertahler, 1993; 
Gitelson et al., 1998). Phenolic compounds 
(primarily ferulic acid) are located mainly in the 
epidermal cells and in the area of vascular bundles. 
The high intensity of blue-green fluorescence in 
the nest leaves may be associated with their well-
developed vascular system, and a large lamina 
surface (Lichtenthaler and Miehe, 1997; Buschmann 
and Lichtenthaler, 1998).

There are two peaks of fluorescence emission 
in the majority of plants in the range of red and far-
red, at a wavelength of 735 nm and 685–690 nm. 
Fluorescence in this range is dependent on the 
presence of chlorophyll building reaction centers 
and PS II antenna complexes (Gitelson et al., 1998; 
Hall and Rao, 1999). One major peak was observed 
in the nest leaves of P. bifurcatum at 684 nm 
(Fig. 3b). A maximum at the same wavelength 
was also obtained by Eullaffroy and Vernet 
(2003) in their study on algae. Therefore, when 
calculating fluorescence coefficients describing 
the physiological state of the plant, the value of 
fluorescence intensity at 684 nm was included 
instead of the fluorescence intensity at 690 nm, as 
suggested by many authors.

In the far-red (735 nm), a clear shoulder was 
observed in the peak of leaf red fluorescence at 
stage I in the leaves growing under L-R/FR, while 
under H-R/FR during stages I and II (Fig. 3b). 
The peak of L-R/FR, along with the change in leaf 
development stage, showed a gradual decrease 
in fluorescence intensity at 684 nm (virtually to 
zero at stage IV) and the disappearance of the 
shoulder at 735 nm already between stages I and 
II. However, differences in the intensity and shape 
of fluorescence peaks in the leaves at stages I and II 
under H-R/FR were virtually unnoticeable (Fig. 3b). 
This confirmed earlier observations obtained in this 
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study indicating that the metabolic changes occur 
more slowly in the leaves growing under H-R/FR.

The overall shape of the spectrum and the 
wavelengths of the main bands of fluorescence 
in the nest leaves of P. bifurcatum, both in the 
blue-green and red spectrum, were similar to the 
sporotrophophyll leaves (Oliwa et al., 2016).

In photosynthetic organisms, the value of 
F450/F530 coefficient is positively correlated with 
phenolic compound contents. It was shown that 
changes in the F450/F530 could explain up to 
80% of changes in the content of phenols (Kula et 
al., 2016). Changes in the F450/F530 ratio at 
different stages of leaf development suggest that 

phenolic compound contents were very similar both 
under L-R/FR and H-R/FR at stages I and II (Table 3). 
Phenolic contents in the leaves grown under L-R/FR 
were reduced at stage III and increased again at 
the terminal stage of growth (IV). Changes in the 
content of phenolic compounds in the leaf epidermis 
are related to the protection of the photosynthetic 
apparatus from damage due to excessive radiation 
(Bilger et al., 2001). The decrease in the content 
of phenols at stage III of growth may result from 
decreasing photosynthetic activity of the leaves, as 
indicated, inter alia, by a significant decrease in the 
number of chloroplasts in the cells (Fig. 2e), while 
the increase in the content of phenols at stage IV can 

Fig. 3. Blue-green (a) and red (b) fluorescence spectra of nest leaves of Platycerium bifurcatum at subsequent stages 
(I–IV) of development at a low (L-R/FR) and high (H-R/FR) R/FR ratio in the light spectrum. The curves represent mean 
values of 5 replicates.
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be associated with the role of phenols as chemical 
compounds “preserving” the conch leaves and 
protecting them against pathogens. However, this 
assumption should be confirmed in further studies. 

The values of F450/F684 and F450/F735 
coefficients are important sensors of early plant’s 
reaction, depending on the external environment, 
showing changes in metabolic activity of the leaves 
(Buschmann and Lichtenthaler, 1998; Schweiger et 
al., 1996). The values of F450/F684 did not change 
significantly either in the leaves grown under 
L-R/FR or H-R/FR (Table 3). Similarly, the values 
of F450/F735 were unaffected at subsequent stages 
of growth both in the leaves growing at the low and 
high R/FR ratio, although the values of F450/F735 
under H-R/FR were lower than those reached by the 
plants under L-R/FR (Table 3). 

The F684/F735 ratio calculated based on the 
fluorescence of red and far-red allows determining 
the change in the quantity of chlorophyll during 
the plant’s growth, because its value is inversely 
proportional to the content of this pigment in 
the leaves (Gitelson et al., 1998). At stage IV, 
there was no clear maximum corresponding to 
735 nm, thereby calculating the F684/F735 did not 
give reliable results. This was caused by too low 
chlorophyll content. In the case of juvenile and 
intensive developmental stages, chlorophyll content 
in the young and in the fully expanded leaves was 
similar both under L-R/FR and H-R/FR. 

LEAF REFLECTANCE ANALYSIS 

Point reflectance measurement enables the assess-
ment of pigment composition of a single leaf, with-
out disturbances occurring when measuring radia-

tion reflectance of the stand (as a result of its com-
plex geometric structure – Linke et al., 2008). 
The high intensity of the reflectance of light in the 
green range of the spectrum is associated with 
the presence of photosynthetic pigments, espe-
cially chlorophylls (Gitelson et al., 2001). The val-
ues of the reflectance radiation of the nest leaves at 
stages I and II depended on the value of the R/FR 
ratio (Fig. 4) and thus, the leaves grown under L-R/
FR (solid blue and red lines) showed higher reflec-
tance values than those growing under H-R/FR 
(dashed lines, blue and red, respectively). High reflec-
tance values in the PAR range are due to lower chlo-
rophyll content in the leaf area (Moran et al., 2000; 
Araus et al., 2001). These differences between the 
leaves are particularly visible at stage II of develop-
ment (Fig. 4). This observation indicated acceler-
ated senescence of the leaves growing under L-R/
FR. At all stages of plant’s growth in the light, the 
maximum chlorophyll content is controlled by phy-
tochromes. Red light increases the total chlorophyll 
content (Jedynak et al., 2001). Therefore, the lower 
chlorophyll content in L-R/FR conditions was not 
surprising. A significant reduction in reflectance 
intensity at stage III and the complete lack of peaks 
at stage IV observed in the L-R/FR spectrum reflect-
ed the process of leaf senescence. It was associated 
with a modification of their structure and function 
and loss of photosynthetic capacity. Reflectance of 
leaves at stage IV resembles the spectrum of reflec-
tance derived from the soil (Araus et al., 2001).

Chemical analysis methods used to determine 
the content of anthocyanins and carotenoids 
in plant tissues are destructive, relatively low 
sensitive, and sometimes they are burdened with 
additional errors due to the instability of pigments, 

Table 3. The values of fluorescence parameters in the subsequent growth stages (I-IV) of the nest leaves of Platycerium 
bifurcatum at a low (L-R/FR) and high (H-R/FR) red/far-red ratio (R/FR). Values in the column marked with the same let-
ters are not significantly different at p ≤ 0.05 according to Duncan test, n = 5.

R/FR 
ratio

Growth phase*
Fluorescence ratios

F450/F530 F450/F684 F450/F735 F684/F735

L-R/FR

I 0.906ab 1.430a 6.241a 3.638a

II 0.830b 1.324a 6.306a 3.375a

III 0.644c 2.011a 5.734a 2.906a

IV 0.954a n.d.** n.d.** n.d.**

H-R/FR

I 0.881ab 1.589a 3.796b 2.237a

II 0.855ab 0.790a 2.033b 2.553a

III n.d.*** n.d.*** n.d.*** n.d.***

IV n.d.*** n.d.*** n.d.*** n.d.***

* More information in the text.
** Lack Chl in leaves in these phase of development.
*** Lack plants in these phase of growth.
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and therefore, the use of optical spectroscopy is 
a good alternative to the classical analysis (Peñuelas 
and Filella, 1998; Gamon and Surfus, 1999; 
Gitelson et al., 2001; Solovchenko, 2010).

The content of anthocyanins (ARI) and 
carotenoids (CRI1) in the leaves as well as hydration 
(WBI) and the value of browning reflectance index 
(BRI) are shown in Table 4. The ARI coefficient 
increases linearly with increasing content of 
anthocyanins in the leaf tissue (Gitelson et 
al., 2001; Steele et al., 2009). Anthocyanin content 
estimated on the basis of ARI showed the increase 
of pigments between stage I and stage II, regardless 
of the value of the R/FR ratio. In the case of plants 
growing under L-R/FR, an increase in the intensity 
of reflectance derived from anthocyanins was 
observed during the aging process (mosaic leaf stage 
– stage III). With a drop in chlorophyll content (e.g., 
during leaf senescence), plants use anthocyanins 
to protect the photosynthetic apparatus, more 
susceptible to environmental stress than in younger 
leaves with a higher chlorophyll content (Hoch et 
al., 2001; Feild et al., 2001; Cooney et al., 2015). 
In fact, the amount of anthocyanins is correlated 
with the degree of chlorophyll degradation 
(Anderson and Ryser, 2015). Increased synthesis of 
anthocyanins de novo during leaf senescence has 
been described in many plants, and the contents of 
the aforementioned pigments depend on the species 
(Lee, 2002). In the case of P. bifurcatum, it is not 
related to species phenology, but it seems to be the 
result of ontogenetic development of the plant. Fast 
senescence of the nest leaves is in fact a natural and 
desirable process.

The content of carotenoids in the leaf increases 
proportionally to the CRI1 parameter value 
(Solovchenko, 2010). A significant increase in 
CRI1 for both L-R/FR and H-R/FR was observed 
between stages I and II, at the time of intensive 
development of the nest leaves, but it was 
significantly higher in plants growing under H-R/FR 
(Table 4). Further intensive increase in the amount 
of carotenoids in the tissue was shown during 
the process of intensive senescence (stages III 
and IV) of leaves growing under L-R/FR, similarly 
as for anthocyanins. Carotenoids play a key role 
in protecting the photosynthetic apparatus by 
dissipating the excess energy in the xanthophyll 
cycle (Peterman et al., 1997). Thus, it is not 
surprising that in plants growing at high R/FR 
values, characteristic of well insolated habitats, 
CRI1 values were significantly higher than those 
observed in plants growing under L-R/FR. In many 
species, the overall level of carotenoids remains 
relatively stable during leaf senescence, when the 
chlorophyll is rapidly degraded, but the carotenoid 
profile is changing. This affects the functioning of 
the xanthophyll cycle and violaxantine-zeaxanthin 
metabolic pathway (Kar et al., 1993). The increase 
in the CRI1 value between stages II and III under 
L-R/FR suggests a light-dependent (related to 
phytochrome mechanisms) delay of carotenoid 
loss during leaf senescence in order to ensure 
appropriate photoprotection (Biswal, 1995). During 
leaf senescence there is often an imbalance between 
the supply of energy absorbed by the plant and the 
energy demand in the Calvin-Benson cycle (Bukhov, 
1997; Lu and Zhang, 1998). 

Fig. 4. Light radiation reflectance curves of Platycerium bifurcatum nest leaves at subsequent stages (I–IV) of develop-
ment at a low (L-R/FR) and high (H-R/FR) red/far red ratio (R/FR) in the light spectrum. The mean values of 5 replicates.
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The absorption of radiation by water in 
the range of 950–970 nm is weaker than in the 
infrared range, which causes that the reflectance 
does not reach the saturation point (maximum 
absorption values) even in the moderately dry leaf. 
Therefore, the value of reflectance at 970 nm can 
be used to determine the rate of hydration (WBI) 
(Peñuelas et al., 1993). Structural changes during 
leaf senescence are associated with decreased 
tissue turgor. The WBI parameter is a useful 
indicator of water content in the leaves (Peñuelas et 
al., 1993; Sims and Gamon, 2003). Numerous 
studies have shown that the decrease in leaf 
water content results in the lower WBI parameter 
(Serrano et al., 2000; Pu et al., 2003). The state 
of tissue hydration reflected ontogenetic changes 
both in plants growing in the L-R/FR and H-R/FR 
spectrum. A significant increase of WBI for L-R/FR, 
and no change for H-R/FR was recorded during 
the intensive growth of the size of the leaf lamina 
(stages I and II) (Table 4). WBI decrease occurred at 
the beginning of senescence (stage III), and reached 
a minimum atstage IV. This seems to be a natural 
consequence of leaf tissue necrosis and reduction in 
the efficiency of symplastic water transport.

Browning of part or the entire lamina is one 
of the symptoms of leaf senescence, which induces 
a change in the reflectance spectrum. The degree 
of tissue browning can be estimated on the basis 
of BRI (Chivkunova et al., 2001). BRI values are 
close or equal to zero regardless of the spectral 
composition of light at the first and second stage of 
the nest leaf growth (Table 4). The rate of browning 
is rapidly increasing in the initial senescence stage 

(stage III), reaching a maximum at the terminal 
stage, when the entire lamina turns brown. It is 
associated with polyphenol accumulation during 
leaf senescence (Merzlyak et al., 1997; Merzlyak 
et al., 2003). The loss of cellular compartments 
and oxidation of polyphenolic compounds together 
with the polymerization of melanin-like pigments 
gives brown tissue coloration (Vaughn and Duke, 
1984; Butt, 1985). Similar phenomena may occur 
in stresses, such as injury or superficial scald 
(Merzlyak et al., 1990; Chivkunova et al., 2001). 
The BRI parameter confirmed the clear separation, 
described based on morphological and anatomical 
analysis, of the process of formation of the final 
structure of the nest leaves at the growth stage 
(stages I and II) and senescence and loss of 
assimilation capacity (stages III and IV). 

CONCLUSIONS

The ratio of R/FR in the spectrum of white light 
regulates morphogenesis of the nest leaves of 
the fern P. bifurcatum. At a high R/FR ratio, nest 
leaves reach the terminal stage of development 
significantly more slowly. Leaves growing at a low 
R/FR ratio, show high values of PAR reflection that 
is the result of lower chlorophyll content in the 
leaf area. During leaf senescence at low R/FR ratio 
there was a significant increase in the amount of 
carotenoids and anthocyanins in the tissues and 
accumulation of polyphenol compounds. The leaves 
growing in both spectra of light do not differ in 
anatomical structure. 

TABLE 4. The values of reflectance parameters in the subsequent growth stages (I-IV) of the nest leaves of Platycerium 
bifurcatum at a low (L-R/FR) and high (H-R/FR) red/far-red ratio (R/FR). Values in the column marked with the same let-
ters are not significantly different at p ≤ 0.05 according to Duncan test, n = 5.

R/FR
ratio

Growth phase*
Reflectance factor

ARI CRI1 WBI BRI

L-R/FR

I 0.01c 0.010d 0.97b 0.0000c

II 0.24b 0.013c 1.07a 0.0001c

III 1.12a 0.021ab 0.90bc 0.0008b

IV 1.23a 0.018b 0.80d 0.0027a

H-R/FR

I 0.05c 0.014c 0.92c 0.0000c

II 0.30b 0.023a 0.97b 0.0001c

III n.d.** n.d. ** n.d. ** n.d. **

IV n.d. ** n.d. ** n.d. ** n.d. **

* More information in the text.
** Lack plants in these phase of growth.
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