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Abstract

Neochrome is a chimeric photoreceptor gene found in various fern species. While the
evolutionary history of a horizontal gene transfer of the neochrome genes has begun to be
investigated, the changes in the expression of neochrome during fern development are relatively
uninvestigated in current literature. This study aims to bridge that gap in the literature by testing
for the expression of neochrome under various light conditions and across a selection of species
in both the gametophyte and sporophyte developmental stages. The design of this experiment
calls for the fern species Ceratopteris richardii, commonly known as C-fern, to be grown from
spores in red light, far-red light, blue light, and white light conditions. Observations regarding
gametophyte and sporophyte development were then recorded, providing a benchmark for
further experimentation regarding neochrome expression with RNA and real-time PCR
sequencing.
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Introduction
Photoreceptors and Development:

Light plays a crucial role in plant growth and development. As photosynthesis is a plant’s
primary way of creating energy, a plant must have the necessary biological framework to
maximize photosynthetic machinery. Thus, all plants have developed receptors specialized in
light reception at different ends of the visible light spectrum to capture signatures from
approximately 320 nm blue light to 730 nm far-red light (Foreman et al., 2010).

The red light receptor found in all plants is known as phytochrome and is often reactive at
red (650nm) and far-red (730nm) wavelengths (Kawai et al., 20031; Taiz et al., 2018). The
phytochrome receptors present in plants play a crucial role in the generation of fruit and floral
budding as well as the elongation of the stem in response to changing light signatures (Taiz et al.,
2018). Phytochrome also helps regulate photoperiodism and flowering effects in plant signaling,
often by switching between the active and inactive forms of the protein (Kawai et al., 2003;
Franklin & Quail, 2009; Taiz et al., 2018). Phytochrome itself is a reversible photochromic
billiprotein that switches between the biologically inactive red light form and the active far-red
light form to rapidly respond to light changes in a plant’s environment (Miller & Miller, 1964;
Kawai et al., 2003; Franklin & Quail, 2009). Phytochrome has a unique ability to reallocate
phototropic resources in order to gain an advantage over competitor species due to its ability to
react to different lighting conditions. However, overexposure to red and far-red light may lead to
increased stem growth and apical dominance, likely due to an imbalance of growth hormones
such as auxins (Taiz et al., 2018). The increased expression of growth hormones like auxin may
lead to reduced leaf development and branching as the plant funnels all of its resources into stem
elongation (Liu et al., 2011). A common syndrome for plants exposed to too much far led light is
known as “red-light syndrome,” which is characterized by severe photosynthetic impairment in
the leaves (Trouwborst et al., 2016). While a plant can recover from the severe photosynthetic
damage done to the chloroplasts with red-light syndrome, constant exposure to red light can
yield permanent damage and cause long-lasting effects (Trouwborst et al., 2016). In ferns,
phytochrome’s ability to react to far-red light, which is often one of the lights most likely to
reach the forest floor where the ferns reside, provides a critical evolutionary advantage for
survival along the forest floor (Li et al., 2014; Kawai et al., 2003). Some studies indicate that the
specific developmental pattern of ferns under red light stresses varies greatly from species to
species, and therefore more studies must be conducted before any significant generalizations
regarding phytochrome machinery in ferns can be drawn (Miller & Miller, 1964).

Another form of light receptor in plants is the blue light receptor. The two major blue
light receptors are known as cytochromes and phototropins (Taiz et al., 2018). Cryptochrome is
known to play roles in maintaining the circadian clock and stress responses (Wang et al., 2014;
Taiz et al., 2018). Cryptochrome responses can range from regulating stem growth and flowering
time to controlling factors related to the stomatal opening (Wang et al., 2014; Taiz et al., 2018).
In addition to the circadian rhythm responses, cryptochrome can play a role in plant stress
responses such as seed germination and leaf senescence (Wang et al., 2014; Taiz et al., 2018).
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Phototropins, on the other hand, are the main receptors for blue light. The phototropins mediate
phototropism, induce leaf area development, and help reduce photodamage (Takemiya et al.,
2005; Taiz et al., 2018). Changes in light intensities can indicate to a plant that a rearrangement
of chloroplasts may be necessary to minimize the photosynthetic damage from light exposure
(Taiz et al., 2018). Because of the high impact of blue light receptors on the maintenance of a
plant’s stomatal regulation and circadian rhythms, overexposure of the plant to blue light may
lead to increased stresses and, thus, stunted growth. In ferns, phototropins are the most highly
investigated blue light receptor. However, because of the low light levels on the forest floor,
many low-lying plants, like ferns, also use red-light-mediated responses to control chloroplast
movement and minimize damage (Sanchez-Puerta et al., 2011; Kawai et al., 2003).

Neochrome and Fern Development:

Ferns go through two major life cycle stages: gametophyte and sporophyte (Hickok et al.,
1998). As primarily a ground plant, ferns grow upward and rarely increase in diameter (Hickok
et al., 1998). Due to high competition with angiosperms that compose the shade-inducing canopy
of the forests where most ferns evolved, the life cycle of ferns has developed to help confer an
evolutionary advantage in these shaded conditions (Hickok et al., 1998; Kawai et al., 2003).
Model ferns like Ceratopteris richardii and Adiantum capillus-veneris are homosporous,
meaning they develop into a gametophyte with both male and female organs (Hickok et al.,
1998; Alongi et al., 2009). In comparison, most plants are heterosporous, meaning they develop
into separate male and female gametophytes. In the first stage of development, a spore is
released from the fern, and it grows and develops into a young homosporous gametophyte. Then,
the male reproductive antheridium and female reproductive archegonium develop independently
at different times based on the concentration of hormones in the environment to help prevent
self-fertilization and allow for genetic diversity (Hickok et al., 1998; Miller & Miller, 1964).
After fertilization of the fern, the gametophyte transitions into a sporophyte, a diploid organism
capable of producing spores. After mature sporophyte development and spore release, the life
cycle begins again. A major physiological change is marked by the transition from the haploid
gametophyte to the diploid sporophyte (Hickok et al., 1998; Alongi et al., 2009). The
development of an upwards shoot is one of the major signs that a fern has transitioned to a
sporophyte. However, relatively little research has been done regarding genetic expression
changes in response to this major transition, especially in stressed lighting conditions. Few
studies have investigated fern development under pure light stress conditions. Understanding
how gene expression and resource allocation change under light stress conditions is critical to
understanding the usage of unique photoreceptor genes like neochrome.

Phototropins, phytochrome genes, and protein expression all play major roles in the
growth and development of plants. Several genes found in a plant often control these receptors,
and while feedback loops control expression systems, the blue light and red light receptors
remain separate systems in most organisms (Kawai et al., 2003; Trouwborst et al., 2016).
However, in recent years, several chimeric photoreceptors that combine phototropin and
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phytochrome protein components have been identified in low-lying shrub plants like ferns (L1 et
al., 2014; Kawai et al., 2003). In fact, for ferns to adapt and survive in low-light environments of
the forest floor, more efficient ways to use the little light received were a necessity to adapt and
compete against the larger angiosperms that compose forest canopies (Li et al., 2014; Kawai et
al., 2003).

Originating independently in both hornworts and algae, neochrome provided a necessary
solution to these organisms' challenges on the heavily shaded forest floor (Li et al., 2014).
Generally, neochrome consists of a red-sensing phytochrome N-terminus component,
blue-sensing phototropic LOV (light, oxygen, voltage) domain, and kinase domain; neochrome
incorporates the red and blue light phototropic responses into one gene (Suetsugu et al., 2005;
Kawai et al., 2003). An extensive study of the fern Adiantum capillis-veneris helped identify the
phylogenetic origins of ferns and investigate their function (Suetsugu et al., 2005; Li et al.,
2014). There were two neochrome genes in Adiantum capillis-veneris are referred to as
NEOCHROMEI (NEO1) and NEOCHROME2 (NEO2) (initially identified as PHY3 chimeric
light receptor) (Kawai et al., 2003). The discovery of these genes helped demonstrate the
importance of neochrome receptors in chloroplast resource reallocation as well as gametophyte
and sporophyte development in ferns such as Adiantum capillis-veneris (Suetsugu et al., 2005).
However, few studies have been conducted on fern neochrome expression and development in
extreme light conditions. Even fewer have been reported and conducted on ferns that are not
Adiantum capillis-veneris. The lack of developmental studies related to neochrome expression in
various fern species comes from the need for phylogenetic resolution of ferns in neochrome.
Recent studies suggest that modern ferns were able to obtain the unique neochrome gene via a
horizontal genome transfer (HGT) from hornworts to ferns (Suetsugu et al., 2005; Li et al.,
2014). The genetic presence and expression of neochrome is a relatively recent diversification
from traditional angiosperm light receptors (Suetsugu et al., 2005; Li et al., 2014). This diversion
of the modern fern (~165 million years ago) from the angiosperm indicated that the conferred
advantages of better and quicker red/far-red reversibility in responses to changes in
environmental stimuli are a relatively new advantage ferns have gained over competitors (Li et
al., 2014; Kawai et al., 2003). However, it should be noted that the phylogeny of the HGT to
ferns has not been resolved at length, as current studies suggest that the distribution of
neochrome does not follow the current published phylogeny of ferns (Li et al., 2014). Some
scholars suggest that there may have been several incongruent HGT events from fern-to-fern that
may have contributed to the current distribution of neochrome in ferns (L1 et al., 2014). Internal
fern-to-fern genome transfers are not unheard of after an initial HGT between hornwort and ferns
(Li et al., 2014; Sanchez-Puerta et al., 2011). For example, the mitochondrial intron cox/ has had
at least 80 instances of internal fern-to-fern transfer after the initial HGT between fern and fungi
(Li et al., 2014; Sanchez-Puerta et al., 2011).

This study aims to create a baseline of developmental differences between ferns of the
same species under lighting stress conditions. First, observing model fern Ceratopteris richardii
(C-fern) under light stress conditions helps establish control and baseline data sets for fern
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development. Secondly, by running a PCR on both C-fern and other fern species to confirm the
presence or absence of neochrome and further phylogenetically resolve the neochrome gene, and
lastly, running real-time PCR and potentially RNA sequencing on both C-fern and other fern
species under light stress conditions to give a comprehensive understanding of expression rates
of neochrome. The first objective has been achieved as described in this paper.
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Methods
Chamber Setup and Growth Conditions:

Four chambers were set up on shelving units 40 cm tall by 60 cm wide. They were
wrapped in greenhouse grade sunlight blocking tarp, creating an isolated chamber for growth.
Each chamber contained a different light source; white light, red light, far-red light, and blue
light. All light sources' wavelengths and intensity were verified using spectrometry. Each light
source was 33 cm from the bottom of the tray. A cup of deionized water was placed in each
chamber to help regulate the humidity. Ferns were irradiated for 14 hours a day as set by a timer
and were water on an as-needed basis at least twice a week for a four-month period which is still
ongoing.

Spectrometry Calibration and Light Setup:

The far-red and blue lights were 30-watt commercial-grade LED supplemental UV
boosters from FGI. The red light was a 36-watt HIGROW LED bulb. The white light was a
10-watt full spectrum LED Barrina grow light. To cover the surface area of the chamber, the
far-red and blue lights were strung across the top. Two white lights were strung across the top to
create the same effect. The red bulb was attached to a lamp mounted on the top of the chamber.

Spectrometry measurements were taken using the PASCO Wireless Spectrometer. The
fiberoptic sensor was held approximately 33 cm from the light source to give accurate
measurements at the growth level. Each light source was measured in 25 separate trials to ensure
accuracy. The readings are included in Table 1 below. Additional readings were conducted on
light intensity using the PASCO Spectrometer. The intensity readings at the peak in lumens per
meter, or lux, are indicated in Table 2 below.

Light Source Wavelength in nm
White Light No peaks, full spectrum range
Red Light 650 peak, 630-670 range
Blue Light 380 peak, 370-400 range
Far-red Light 705 peak, 680-750 range

Table 1: Light source measurements from the PASCO Spectrometer in nm



Characterizing Responses to Light Stress in Ferns 10

Light Source Intensity at Peak Wavelength in lux
White Light 1.8
Red Light 11.5
Blue Light 13
Far-red Light 11

Table 2: Light Intensity measurements from the PASCO Spectrometer in lux

Fern Preparation:

Media for C-fern was made following the protocol as detailed by Carolina Biological
Supply, product number #156728 (2003). The Ceratopteris richardii spores were also acquired
from Carolina Biological Supply. To plate the spores, one loopful of spores was collected and
suspended in 1.5 mL of distilled water. The suspension was mixed thoroughly, and 30uL of the
suspension solution was added to each media plate. The plates were labeled and covered, with
four replicates placed in each light condition. Growth data was collected at regular intervals, and
significant growth changes were recorded at the two-week and two-month marks. The plates
were watered twice weekly on an as needed basis, and on March 6th, after two months of
growth, the grown ferns were transplanted into growth cups and covered to maintain humidity.
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Results
Summary:

Ceratopteris richardii growth was highly monitored under the four lighting conditions.
Significant comparisons were performed and marked as benchmarks for growth, the 19-day
(two-week), 59-day (two-month), and 91-day (three-month) sporophyte development.
Observations relating to root development, leaf development, size, and chlorophyll intensity
were all monitored for each condition.

White Light Results:

The Ceratopteris richardii grown under the white light control conditions exhibited
normal growth. After two weeks, the four plates under each condition began to develop into
gametophytes in the petri plates. Visible under the microscope, these spores developed slowly
from the hermaphroditic gametophytes to young sporophytes after hitting the 59-day, or
two-month, growth benchmark. An extensive root system began to develop at this two-month
mark, with each plate containing 3-4 young sporophytes. Each young gametophyte had
approximately 2-3 major root systems present.

The leaves were bright green, indicating a healthy chlorophyll level, with short shoots
measuring 5 mm in length. Each gametophyte also had approximately 4-5 leaves of an average
bright green coloration. After two months of growth in the plates, all four plates were transferred
to growth cups with more C-fern medium and grown in the chambers. During this time, they
grew to a 5-6 cm height and began transitioning to the mature sporophyte phase. All four white
light plates appeared to develop at relatively the same rate, with approximately the same number
of ferns developing in each replicate. Additionally, all four within the replicate have similar
coloration and leaf architecture, consistent with teaching guides on traditional Ceratopteris
growth. The images are depicted in Figure 1 below.

Figure 1: C-fern development under white light conditions. Far left image taken after 19 days of
growth, middle image taken after 59 days, and far right image taken after 91 days of growth.
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Red Light Results:

The Ceratopteris richardii grown under the red light conditions exhibited normal growth
in the early development stage. Similar to the control conditions, all four plates began to develop
into gametophytes after 19 days in the petri plates. The roots of these gametophytes appeared
long and spindly, with little development of the leaves. Additionally, after sporophyte emergence
at 59 days, an extensive root system began to develop, with each plate containing 3-4 mature
young gametophytes. After 96 days or three months of growth and development, each young
sporophyte had approximately 2-3 major root offshoots comparable to the white light control
conditions.

The leaves were lighter green, indicating a lack of chlorophyll content, with short shoots
at 5 mm in length. Each gametophyte also had approximately 4-5 leaves and appeared to have a
healthy level of chlorophyll compared to the white light. These leaves appeared to have curled
edges and were less rigid. After two months, they were transferred to growth cups with more
C-fern medium and grown in the chambers. They grew to 5-6 cm during this time and began
transitioning to the mature sporophyte phase. They also began to develop new foliage though the
color remained a lighter green in the leaves, and the curled leaves began to gain some rigidity.
Throughout the growth process, all four replicates displayed similar root development patterns,
with little leaf area growth in the early gametophyte to sporophyte (19 to 51 day) period. All four
grew at approximately the same rate, with the same concentration of plantlets. The images are
depicted in Figure 2 below.

Figure 2: C-fern development under red light conditions. Far left image taken after 19 days of
growth, middle image taken after 59 days, and far right image taken after 91 days of growth.
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Far Red Light Results:

Under the experimental far-red light conditions, the Ceratopteris richardii exhibited
stunted growth, with 2-10 small plantlets beginning to develop from spores. At 19 days, each
plate contained 3-4 mature young gametophytes with elongated leaf cells and little root
development. Each plate contained at least two spores that stalled in development compared to
expected growth. After 51 days and development into the young sporophyte, most of the
apparent growth is focused on the upward shoot of the fern, with very little leaf development.
The shoot development measured at 3-4 mm in length. Only one dominant root was established,
extending 2-4 mm into the media.

After 91 days, three months of growth, each young gametophyte had approximately 2-3
root offshoots, with the roots extending only a short way into the media at approximately
4-5mm. The gametophytes had several leaves, though they were poorly developed, measuring
only several millimeters wide. The stems have increased in number and length, measuring
6-7mm tall with more than double the number of stems in each dish. At all points, the coloration
of the leaves was a light green, indicating a chlorophyll deficiency. All replicates developed
plants with a focused development in the shoot system and very little leaf development.
Additionally, the roots of all four replicates were thin and spindly. Figure 3 below shows images
of the growth process.

Figure 3: C-fern development under far-red light conditions. Far left image taken after 19 days
of growth, middle image taken after 59 days, and far right image taken after 91 days of growth.
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Blue Light Conditions:

Ceratopteris richardii demonstrated stunted growth under blue light conditions. Of the
four growth plates, only one exhibited growth, with only one plantlet present. There were no
young gametophytes present at the 19 day mark visible ot the microscope. The emergence of the
young gametophyte occurred at the 51 day, or two-month mark, and quickly developed into a
sporophyte, possessing 3-4 leaves in the early stage. These leaves were very rigid and of a light
green color, indicating a slight chlorophyll deficiency. There was very little upward growth of the
fern, but there was extensive root system development after 91 days of growth, with the
sporophyte having seven long root offshoots.

After 51 days of development, the fern has produced several leaves with a high surface
area and are several millimeters long. There was also an increase in the intensity of green
coloration in the leaves but a decrease in leaf rigidity from earlier developmental stages. Only
one of the four replicates produced any gametophytes or sporophytes, leading to the development
of one sporophyte total. The growth is demonstrated in Figure 4 below.

Figure 4: C-fern development under blue light conditions. Far left image taken after 59 days,
and far right image taken after 91 days of growth.
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Discussion
Shoot and Root Development:

Comparing the shoot growth of each sample set, it is apparent that the far-red lighting
conditions induced shoot growth at the highest capacity. The ability of the far-red conditions to
induce the extreme development seen in the results follows the same general trends proposed by
researchers (Miller & Miller, 1964). The phenotypic results that we see here likely indicate that
the phytochrome expression changes are causing a drastic increase in stem elongation (Miller &
Miller, 1964). The red light growth chamber effects further support these conclusions. However,
because the red light growth seems to more closely mimic that of the control plants, the
neochrome receptor may be playing a role in regulating the more extreme physiological changes
that would more often be seen with plants under such conditions (Miller & Miller, 1964; Taiz et
al., 2018). Additionally, the plants grown under blue light conditions have stem shoot lengths
similar to that of red light plants. These results further indicate that there may be some
relationship between neochrome and the regulation of stem growth in both the red and blue light
receptors.

Research suggests that roots formed under intense blue light conditions would more often
than not form a denser network of roots due to the increased promotion of lateral root growth
(Kumari & Panigrahi, 2019). While the results from the blue light ferns do indicate that there is a
promotion of lateral root growth, there is not a large and dense root network. This is more than
likely due to the stage of development at these experimental results were taken, and more than
likely, the change in root growth can be attributed to blue light receptor expression. Under red
light conditions there is an increase in the expression of the hormone auxin, which helps regulate
plant growth (Datta et al., 2005). These root systems, while not necessarily more dense than the
blue light growth, are often thinner and longer under red light stress (Datta et al., 2005). The
results are consistent with these expectations. Therefore, it is likely that root development is
primarily controlled by traditional red and blue light receptors, as opposed to neochrome.
However, neochrome may impact plant hormone regulation, similar to the results here, indicating
that no significant conclusions can be made regarding neochrome.

Leaf development:

Studies have shown that blue light stress can cause an increase in leaf area development
(Wang et al., 2014). That hypothesis was supported by the large leaf area sizes of the blue light
fern throughout all stages of development present in the experimental results. In addition, the
blue light leaves demonstrate an elongated shape compared to the white light control and the
other red light experimental ferns. This finding is also consistent with literature on blue light
control, where the blue light-controlled hormones cytokinin and gibberellin may have played a
role signaling increased leaf area development (Wang et al., 2014). On the other hand, the red
ferns experienced normal leaf area development compared to white light ferns. The similar
appearance of the red light fern leaf developed compared to the white is consistent with typical
Ceratopteris richardii growth conditions, as there would not be as much stress on the cytokinin
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and gibberellin expression as the blue light (Wang et al., 2014; Brown et al., 1995). However, the
growth of the leaf area is still visibly stunted, which is likely partly due to the lack of blue light
promotion for healthy leaf expansion and growth. In contrast, the fear-red ferns hardly had any
development of the leaves at all, with a significant emphasis on the promotion of stem growth.
Therefore, the discrepancies in leaf area development can likely be attributed to expressions of
other light-receiving elements in the cell other than neochrome.

The ability of a plant to senescence its leaves is another critical factor in leaf lifecycle
development (Fan et al., 2013). However, there was no significant development of fern
senescence throughout the experiment, but it should be noted that there are
phytochrome-controlled factors found in Arabidopsis thaliana that may contribute to negative
regulation of age-induced light-mediated senescence, effectively counterbalancing the
photoinduced senescence we planned to observe in the red light conditions (Tian et al., 2020).
These observations to senescence conditions may be made as the plant is transplanted to soil and
develops into a mature sporophyte.

The coloration of the leaves was as expected in each experimental condition. All
experimental replicates displayed some photosynthetic impact, largely visible in the reduction of
chlorophyll in the leaves. While studies propose a variety of factors could be attributing to the
lack of chlorophyll, it is not possible to determine if neochrome expression would play a role in
the chlorophyll content (Tian et al., 2020; Huang et al., 2011). However, studies done on
neochrome expression in Adiantum capillis-veneris have demonstrated that there seems to be a
photosynthetic impact related to neochrome expression (Suetsugu et al., 2005).
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Future Experimentation
After the phenotypic characterization of the Ceratopteris richardii, as presented in this

report, genotypic characterization of neochrome expression in C-fern will be conducted. Based
on results from a BLAST search, no neochrome should be present in the C-fern genome. PCR
will be performed to confirm the lack of neochrome in the C-fern control samples. Additional
PCR will be performed on a sample selection of ferns that prior studies have identified as
possessing neochrome and grown under normal lighting conditions, including Adiantum
capillis-veneris (Li et al., 2014). Confirming these positives will provide a baseline of
neochrome expression, which can be identified in further experiments. Additionally, the
confirmation of the neochrome positives and negatives will further bolster the current developed
phylogeny of neochrome in fern species by reinforcing conclusions from prior studies (Li et al.,
2014).

After the initial conformation of neochrome in Adiantum capillus-veneris and lack of it in
Ceratopteris richardii, additional experiments will be conducted to identify the presence of
neochrome in Woodwardia areolata, Dryopteris ludoviciana, and Christella denata. Each of
these ferns has only partial genomes assembled, so it is impossible to determine if neochrome is
present from a BLAST search, as was previously done with the C-fern. A large part of the
trouble that scientists face when assembling complete phylogeny of neochrome comes from the
lack of published genomes for many species of ferns. Using our PCR methods adapted from
prior studies (Li et al., 2014) and used for initial confirmation of C-fern and Adiantum, more
information regarding the genetic distribution of neochrome among ferns can be established.

After establishing the presence of neochrome in Woodwardia areolata, Dryopteris
ludoviciana, and Christella denata, they, alongside Adiantum capillis-veneris, will be grown in
the same conditions as the C-fern above. Resulting phenotypic differences will be recorded at
different stages in the life cycle. Additionally, real-time PCR experiments will be performed on
the samples at an intermediate period to determine the expression levels of neochrome in
response to the light stress conditions. These experiments will help isolate the effects and
determine the function of neochrome as it relates to conferring advantages in shaded and
differing light conditions.
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Conclusions

From the phenotypic responses of Ceratopteris richardii in light stress conditions, a
baseline of generic stress responses of ferns could be created. Although C-fern does not have a
presence of neochrome, recognizing the phenotypic changes in response to different light
conditions helps generate a baseline of stress responses in ferns that will be useful in monitoring
future development of ferns that do possess neochrome. This data will help researchers
determine if neochrome has a visible phenotypic expression effect or if the effect is specific to
internal plant factors (Li et al., 2014).

Additionally, these results and further experimentations will help determine the
phylogeny of neochrome, which at this point has relatively little research in the scientific
literature (L1 et al., 2014). Neochome is a relatively new finding that has changed the scientific
understanding of how light receptors may provide evolutionary advantages to low-lying plants
such as ferns. Further elucidation of the neochrome gene and its corresponding expression and
factor may play a critical role in understanding the function and development of light receptors,
thus providing critical scientific gains in the ever-important process of photosynthesis.
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