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Un bambino al mare

“Conosco un bambino cosi povero
che non ha mai veduto il mare:

a Ferragosto lo vado a prendere,

in treno a Ostia lo voglio portare.
— Ecco, guarda — gli dird —

questo ¢ il mare, pigliane un po’! —
Col suo secchiello, fra tanta gente,
potra rubarne poco o niente:

ma con gli occhi che sbarrera

il mare intero si prendera.”

Gianni Rodari
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Abstract:

Depending on light availability, plants may adopt two antagonistic developmental patterns:
photomorphogenesis in the light and skotomorphogenesis in the darkness. Skotomorphogenesis
is characterized by the use of the reserves to promote mostly stem elongation in order to seek
light, while delaying leaf production and development of the photosynthetic apparatus. Despite
being well described in angiosperms, it is poorly addressed in gymnosperms. This study aims to
characterize this process in Araucaria angustifolia, an endangered conifer from South America,
by imposing darkness to their aerial environments and forcing shoots to initially develop
belowground. Seeds were either sown close to the soil surface or deep into the soil. Half of
these seeds had access to light and half remained in the darkness. These plants were grown for
147 days, and then measured for several growth parameters. There was an increased investment
on stem elongation at the expenses of leaf production when light was not available. Leaves that
developed in the dark were smaller, lighter, and more widely spaced than those that developed
in the light. Photomorphogenic shoots were greener and accumulated much more chlorophylls
than the whitish skotomorphogenic ones. Darkness had no effect in the rate of consumption of
seed reserves and on total dry mass accumulation. True leaves were not produced when shoots
developed belowground, and these shoots were colorless, wider and invested more in dry mass
in order to elongate when compared to shoots that extended aboveground. Skotomorphogenesis
in A. angustifolia was characterized by a developmental pattern that increases the chances of
plants reaching for light while saving as much carbon as possible. Darkness imposed by seed
burial was also associated to the physical resistance offered by the soil, thus altering some

aspects of the skotomorphogenesis.

Key words: Development, darkness, Brazilian pine.



Introduction:

In plants, light plays a fundamental role in multiple processes. It fuels photosynthesis, allowing
the development of biomass, and it is involved in the detection of neighbour plants in systems
with high density of individuals (Kupers et al. 2018; van Gelderen et al. 2018) and in the
adoption of different patterns of development (Xu et al. 2015). However, during germination,
most plants face the soil, a lightless environment, and must be able to survive as heterotrophic
organisms for quite some time. This is possible because seed reserves are used as an energy
source until the seedling is tall enough to reach for light and initiate its autotrophic growth
based on photosynthesis (Seluzicki et al. 2017).

Depending on whether or not seedlings are exposed to light, two antagonistic developmental
patterns arise. Skotomorphogenesis, which is the development in dark conditions, is
characterized by the use of the reserves to promote stem elongation in order to seek for light. In
this kind of development, a delay in the production of leaves and in the photosynthetic
apparatus (Mathews 2005; Xu et al. 2015), as well as an elongated hypocotyl with apical hook,
closed cotyledons that protects the shoot apical meristem and undifferentiated chloroplast
precursors (Chory et al. 1989; Chory et al. 1996; Arsovski et al. 2012; Seluzicki et al. 2017)
may be observed. Such elongation, however, makes the plants more susceptible to several pests
due to the repression of induced defenses (Moreno et al. 2009; Cerrudo et al. 2012; de Wit et al.
2013), which emphasizes a trade-off, where the search for light is prioritized over protection
(Gommers 2018). On the other hand, light induces photomorphogenesis, a process marked by
the deceleration of hypocotyl elongation, the opening of the apical hook, the expansion of
cotyledons and the maturation of chloroplasts, allowing the operation of the photosynthetic
machinery (Xu et al. 2015; Seluzicki et al. 2017).

Many photoreceptors are involved in the perception of light, allowing the plants to properly
respond to their surroundings. Cryptochromes, phototropines, UVB-RESISTANCE 8 (UVRS8
for UV-B light), ZEITLUPE/FLAVIN-BINDING, KELCH REPEAT, F BOX 1/LOV KELCH
PROTEIN 2 family of photoreceptors (ZTL/FKF1/LKP2) (for UV-A/blue light) and
phytochromes (for red/far-red light) enable them to monitor a wide range of wavelengths of
light at their establishment sites (Strasser et al. 2010; Xu et al. 2015). The participation of
phytochromes in differentiated morphogenesis of seedlings under contrasting light conditions
has been extensively studied both from physiological and evolutionary points of view (Mathews
2005; Castillon et al. 2007; Leivar et al. 2008; Strasser et al. 2010; Fortunato et al. 2016; Jung et
al. 2016).

The shift from skotomorphogenesis to photomorphogenesis has been vastly addressed in

eudicotyledons, especially in the model plant Arabidopsis thaliana (L.) Heynh, with focus on
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the role of phytochromes (Yamaguchi et al. 1999; Strasser et al. 2010; Jung et al. 2016; Lee et
al. 2016). Nevertheless, studies that characterize the skotomorphogenesis in gymnosperms, and
address photoreceptor involvement in the transition to photomorphogenesis, are still very scarce
when compared to those already performed with angiosperms. Even though research with
angiosperms has an incomparable and undeniable repercussion for the understanding of
molecular and evolutionary aspects of the processes involving light signals in plants, the results
cannot be extrapolated to other groups and species with respect to morphological and
ecophysiological patterns of response to light or lack thereof. Some patterns observed, such as
the non-opening of the plumular hook, are exclusive of eudicotyledons, preventing the
generalization to other groups (Leivar et al. 2008; Xu et al. 2015; Seluzicki et al. 2017). Thus,
considering the genotypic and phenotypic differences among species, it is essential to
characterize the skotomorphogenesis within different taxonomic and ecological groups, in order
to deepen the knowledge about the diversity of growth patterns. Therefore, this study aims to
characterize this process in the tree species Araucaria angustifolia (Bert) O. Kitze, a
gymnosperm of the Araucariaceae family that grows in South America.

Araucaria angustifolia occurs in southeastern Brazil, primarily in the states of Parana, Santa
Catarina, Rio Grande do Sul, and locally in Sdo Paulo, Minas Gerais and Rio de Janeiro, but
also in some adjacent areas of Argentina (Misiones) and Paraguay (de Souza et al. 2009;
Thomas 2013). It suffered intense logging in the last century, causing a severe reduction in its
area of occurrence (Guerra et al. 2002), which originally covered about 200,000 km? (Reitz et
al. 1988), but today is restricted to about 1 to 5% of the original extent, making it critically
endangered (Thomas 2013). The collection of 3,400 tonnes per year of seeds for human
consumption, habitat fragmentation and forest clearance are threats to this species (Thomas
2013). However, other authors suggest that the food usage of its seeds are contributing to
preservation of this species (Barbosa et al. 2019), evidencing the need for more studies.

In the adult stage, A. angustifolia, a pioneer species in grasslands and an emergent tree in
forests, is known for being a ‘sun species’. Nevertheless, during its initial stages of
development, it tolerates shade, being able to germinate and form seedling and sapling banks in
the forest understory (Inoue et al. 1979; Duarte & Dillenburg 2000; Duarte et al. 2002). Also,
many dispersers bury its seeds deep into the soil for future consumption (lob & Vieira 2008;
Ribeiro & Vieira 2014), which may result in full unavailability of light to the growing seedlings
until they emerge from the soil surface. Considering the aforementioned and the scarcity of
information regarding the development of gymnosperms in the absence of light, this study aims
to characterize the skotomorphogenic development of seedlings of A. angustifolia, by imposing
darkness to the plants both by burying the seeds deep into the soil and by suppressing light from

their aerial environment.



Based on the current knowledge about plant skotomorphogenesis and taking into account the
photomorphogenic development of A. angustifolia seedlings, we posed the following initial
questions: (1) Are shoot and internode elongation increased under light suppression? (2) Does
skotomorphogenesis compromise stem support? (3) Is leaf development delayed under
darkness? (4) Is shoot greening (chlorophyll accumulation) suppressed in the absence of light
exposure? (5) Does darkness result in a greater consumption of seed reserves? (6) Do dark-
grown plants differ from light-grown ones on their overall mass accumulation and on the
relative investments of such mass? (7) Is skotomorphogenesis development different, depending
on whether light was suppressed by seed burial or by shoot exposure to a light-deprived aerial

environment?

Material and methods:

Seed gathering and planting:

Pine seeds were obtained from three different municipalities in the state of Rio Grande do Sul,
Brazil: Progresso (29° 14 '38 "'S 52° 18' 43" W), Barros Cassal (29 ° 05 '34 "'S 52° 34' 58" W)
and Cacique Doble (27° 46'12 'S 51° 39'36" W), and stored inside plastic bags under 4 °C for
15 days. Such seeds from different locations were then mixed. They were disinfected by a 20-
minute immersion in a 1:1 (v:v) solution of distilled water and sodium hypochlorite (with 2-
2.5% of active chlorine). Subsequently, they were washed in running water for 5 min and rinsed
with distilled water. Each seed was weighed in an analytical balance (Analytical Balance
FA2104N, Bioprecisa, Curitiba, Brazil) to obtain its fresh mass (FM). On June 4, 2018, they
were planted in PET bottles, filled with a 1:2.5 mixture of medium-sized pre-washed sand and a
commercial organic substrate (Substrato organico pronto para vasos HUMOSOLO, Vida, Porto
Alegre, Brazil).

To estimate the dry mass (DM) of the planted seeds, an extra lot, composed of 30 seeds, had
their FM and DM measured, in order to estimate their water content (on a fresh weight basis).
Seed drying took place on a forced-air drying oven (Forced-air drying oven DL-AF, DeLeo,
Porto Alegre, Brazil) at 70 °C until mass became constant. Their average water content (0.43 g)

was then used to estimate the DM of each planted seed.

Growth conditions and light treatments:

The experiment was conducted in the Plant Ecophysiology Laboratory at Federal University of
Rio Grande do Sul, located in Porto Alegre, RS, Brazil (30° 04'33.0"S 51° 07'29.1"W) for a
period of 147 days (from June 4, 2018 to October 29, 2018). Four different treatments were
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assigned to 10 plants each: (1) Light-surface (LS): Seeds were sown close to the soil surface (2
cm deep) and received light; (2) Light-buried (LB): Seeds were sown deep in the substrate (10
cm deep) and received light; (3) Darkness-surface (DS): Seeds were sown close to the soil
surface (2 cm deep) and did not have access to light; (4) Darkness-buried (DB): Seeds were
sown deep in the substrate (10 cm deep) and did not have access to light. The purpose behind
burying the seeds was to create similar conditions to those imposed by some dispersers.
Darkness was imposed by the use of a black canvas in the growing environment, while the
control groups were kept near windows and had access to natural light. Plants were kept well-
watered throughout the experiment. When watering the seedlings that remained in the dark, the
laboratory had its windows previously darkened with black canvas, and a green LED lamp was

used to illuminate the room, since plants do not absorb much of the green light wavelengths.

Growth parameters:

Height, total shoot length, diameter and biomass: Plant height was measured throughout the
experiment. Upon harvesting, all individuals had their total shoot length measured and were
separated into lateral roots, main root (which included the underground hypocotyl), shoot, and
attached seed. Concerning LB and DB plants, the portion of the shoot that grew below the soil
surface (belowground shoot) was separated from the segment that emerged from the soil
(aboveground shoot). Stem diameter at mid-height was measured with a caliper, and in the case
of LB and DB plants, it was measured both in the below- and aboveground shoot sections. The
plant material was oven-dried at 70 °C until constant mass was reached. Th weighed in an
analytical balance (Analytical Balance FA2104N, Bioprecisa, Curitiba, Brazil). These
individual masses were used to compute some biomass ratios: shoot/root, shoot/lateral roots,
and lateral roots/main root.

Specific stem length (SSL): This parameter was calculated by dividing the shoot length by its
dry mass. In the case of LB and DB plants, the SSL was calculated both for the below- and
aboveground shoot sections.

Internode length (IL): It was estimated by dividing the number of leaves in 1/5 of the overall
shoot length, by the respective shoot length. A large number of leaves per unit of shoot length
was then interpreted as a short internode length.

Specific leaf area (SLA): It was computed as the ratio between the area of six leaves taken
from the shoot mid-section and their respective dry mass. The area was calculated using leaf
photographs, with the software SketchAndCalc (Dobbs 2011; available at

www.sketchandcalc.com).

Chlorophyll content: Chlorophylls were extracted from a sample of six fresh leaves (the same

used for SLA), using absolute ethanol. The absorbance readings were performed in a
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spectrophotometer (Spectrophotometer PM 2K, Zeiss, Co., Oberkochen, Germany) at
wavelengths of 649 and 665 nm. The chlorophyll concentration was calculated according to
Wintermans & De Mots (1965), and their content was expressed on leaf area and leaf dry mass
basis.

Seed reserves consumption: It was estimated using the final dry mass (FDM) and the initial
dry mass (IDM) of the seeds, and then calculating seed consumption with the equation (IDM -
FDM)/IDM.

Data analysis

To make comparisons between all treatments, parametric data was submitted to a one-way
analysis of variance (one-way ANOVA), while one-way ANOVA on ranks (Kruskal-Wallis
test) was used when data did not show homogeneity of variances and normality of distribution.
In both cases, ANOVA was followed by Tukey’s test. To compare parameters between two
groups, a t test was executed and, in case of non-parametric data, a Mann-Whitney U test.

In the case of SLA, ANOVA was followed by a Dunn’s test due to different sample size,
since three individuals (that belonged to LS, DS and DB groups) were excluded from this
analysis.

All tests were performed with P < 0.05, using Sigmaplot 11 (Systat Software Inc., San Jose,
California, USA).

Results:

Plant height among treatments did not differ until the last measurement, when DS and DB
plants had a significantly higher height than LS and LB (Figures 1 and 3). The total shoot length
was higher in DS than in LS plants, while LB and DB did not differ. Seed burial did not affect
this parameter, even when considering the presence of absence of light (Figure 2). The internode
length was also longer in dark-grown plants, as revealed by the smaller number of leaves per
unit of shoot length in comparison with light-grown plants (Table 1).

Biomass and its ratios were not significantly different among the groups (Table 1 and Figure
4). LB seedlings consumed more seed reserves than LS, but this difference was not observed
when DB and DS treatments were compared to each other. There was also no difference in seed
consumption between light-grown (LS and LB) and dark-grown (DS and DB) plants (Table 1).
The SSL of the aboveground shoots was higher in DB than in all other plant groups, which did
not differ from one another, while SSL of the belowground shoots was the same (Table 1). For
plants that had their seeds deeply buried (LB and DB), SSL did not differ between their
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belowground shoot sections. On the other hand, their belowground shoots had a much lower
SSL than their respective aboveground shoot sections (Table 1).

The section of shoots that developed belowground (present in LB and DB plants) did not
produce leaves (Figure 5). The area and dry mass of individual leaves of the aerial shoots were
much greater in light-grown (LS and LB) than in dark-grown plants (DS and DB). These leaf
parameters were not affected by seed burial. SLA was greater in darkness (Figure 6), but only in
plants that had their seeds buried into the soil (DB vs. LB). Leaf chlorophyll a and b, as well as
total chlorophyll, had a much higher content on light-grown plants than in their dark
counterparts, both when expressed on a leaf area and on a leaf dry mass basis (Figures 7 and 8).

In fact, leaves from dark-grown plants were completely pale.

Discussion:

DS and DB plants had a very distinct phenotype, characterized, from the physiognomical point
of view, by the longer (but self-supporting) stems, the tinier leaves and the overall lack of the
characteristic green color of the shoots, when compared to LS and LB. Some interesting results
also arose when looking at the plant responses to the deep seed burial that was imposed. We
will now specifically address the initial questions posed in this study, and try to get an overall
picture of the skotomorphogenic development of seedlings of A. angustifolia and the possible

physiological and ecological significance of such development.

Are shoot and internode elongation increased under light suppression?

An increased elongation of the internodes and/or the hypocotyls is a typical skotomorphogenic
response reported for angiosperms (Josse & Halliday 2008; Seluzicki et al. 2017). The
hypocotyl of A. angustifolia has an underground development, and we would not expect it to
elongate in response to either shade or darkness. Instead, the main shoot (epicotyl) of the young
plants were significant longer (resulting in taller plants) when plants had the light suppressed
from the aerial environment (DS and DB) than when light was made available to the plants (LS
and LB). This increase in stem elongation was associated to longer internodes, as revealed by
the smaller number of leaves per unit of stem length of the dark-grown plants. A greater
investment in height is also the most common response to shaded environments (e.g., Cancian
& Cordeiro 1998; Poorter 1999; Ferrer & Dillenburg 2000; Jurado et al. 2006), particularly in
the so called ‘sun plants’, and this response also involves the balance between active and
inactive forms of the phytochromes (Morgan & Smith 1979). This elongation response in

response to shading has also been reported for young plants of A. angustifolia (Inoue & Torres
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1980; Franco & Dillenburg 2007), though it seems to be a transitory, initial growth response
(Franco & Dillenburg 2007).

A possible ecological significance of the greater initial investment in height when seedlings
are cultivated under shade or, in this case, in total darkness, consist in overcoming whatever is
reducing or suppressing light incidence in the growing plant: the competing vegetation in dense
stands (Schmitt et al. 1995; Donohue et al. 2000; Pierik et al. 2003), or a thick layer of litter or
soil. By speeding up height growth, seedlings will have an increased chance of more rapidly
improving their light environment compared to seedlings that do not exhibit this response. This
‘seek-for-light” strategy may ensure the survival of the photoautotroph organisms, but will most
likely come at the expenses of other growth investments. It is well known that some angiosperm
skotomorphogenic seedlings will allocate their resources toward hypocotyl elongation, at the
expense of cotyledon and root development (Josse & Halliday 2008). In the case of A.
angustifolia, dark-grown seedlings had less leaves per unit of stem length than light-grown
ones, reflecting the greater internode elongation of the former, and the increased investment on
stem elongation at the expenses of leaf production when light was not available. Such type of
response has also been observed in shading experiments (Egara & Jones 1977; Li et al. 2010).
Unlike the strategy of just growing taller, which requires a greater investment of dry matter, the
internode elongation is a resource saving strategy, since fewer leaves are produced. Internode
extension plays a crucial role in forest gaps, allowing seedlings to grow away from dark or
shaded areas and neighboring plants in the competition for light resources, with little investment
of dry matter, since fewer leaves will be produced (Schmitt & Wulff 1993; Peer et al. 1999). In

other words, it is a cheap strategy of growing tall and seeking for light.

Does skotomorphogenesis compromise stem support?

All plants were able to fully support their shoots in a vertical position after about five months of
growth. For dark-grown plants, this means that the skotomorphogenic development of their
shoots, which includes a great investment on elongation, did not compromise the support of
such shoots. Remaining erect is crucial for seeking for light, and this was at least partly
accomplished by not compromising stem radial growth. Regardless of the presence or absence
of light, plant shoots developing aboveground all had a similar stem diameter, which means that
stem elongation of dark-grown plants did not come at the expenses of stem radial growth. On
the other hand, the taller shoots presented by the dark-grown plants may require an even larger
diameter or an extra-mechanical support (compared to light grown plants), in order to ensure
that their longer shoots can keep themselves erect. The SSL is a proxy of biomechanical
stability (Kleyer et al. 2019), and the higher SSL of the aboveground shoots of the DB plants,

when compared to LB, means that the former are producing the same length of stem with less
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material, which could compromise stem stability. Taking into account that both plants had
similar stem diameters, we can suggest that stem tissues are less dense in DB than in LB plants,
causing them to have a larger SSL. It is possible that light-grown plants were able to provide
stems with tissues that allow for mechanical stability, meaning greater investment in cell wall
material and lower SSL. Dark-grown plants, on the other hand, may have accomplished their
stability through a greater investment in turgor of the stem cells. The stems of the dark-grown
plants did indeed look more succulent than those of light-grown plants, but anatomical
investigations will be needed to help us elucidate these questions.

An interesting result was that DS plants did not differ in either SSL or stem diameter when
compared to LS plants. Not having to face a deep layer of soil may have allowed these plants to
invest more carbon material in the construction of their shoots, which led them to have a much
smaller SSL than those shoots that were also in the dark, but that also had part of their extension
growing belowground (DB plants). Our results show that DS shoots were more capable than DB
shoots to sustain themselves erects as they grew taller, but this possible difference in stem

stiffness was not evaluated in our study.

Is leaf development delayed under darkness?

A delay in leaf development is a key characteristic of the skotomorphogenic development of
plants (Mathews 2005; Xu et al. 2015). Leaves are of no use if light is not available, and
expanding fewer leaves and reducing their expansion (responses observed in the dark-grown
plants of A. angustifolia) will result in the economy of carbon, which can then be used for shoot
extension in the search for light.

On average, leaves that developed in a dark aerial environment had about 25% of the area of
the ones that developed in the light. In terms of leaf mass, the reduction was in the same extent
for plants whose seeds were planted close to the surface, but for those whose seeds were deeply
buried, leaf size was only 18% of the size of light-grown leaves. As a result, SLA of DB plants
was larger than all other plants, meaning that they invest less mass in the construction of a given
areas than all others.

Specific leaf area (SLA) is the most important factor responsible for the variation in a plant’s
relative growth rate, recognized for its association with different traits, such as morphology,
physiology and biochemistry (Lambers et al. 1998). Environmental conditions, such as
temperature and irradiance, are capable of modulating SLA. In coniferous trees, shading is
responsible for the development of wider and thinner leaves, which increases SLA when
compared to high-irradiance conditions (Kimmins 1987). Leaves with high SLA are considered
‘cheap’ leaves, and shading commonly result in the increase of this parameter, revealing a

greater relative investment in area at the expenses of mass. This response may reflect a survival
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mechanism based on resource savings, since it means a lower investment of dry mass on a given
light harvesting surface (Boardman 1977; Givnish 1988; Barrett & Fox 1994). However,
maximizing leaf area by an increment in SLA is linked to additional exposure to drought,
herbivory and frost (Valladares & Niinemets 2008), becoming limiting factors for such an
increase.

Previous studies have shown SLA of young plants of A. angustifolia to increase in response
to shading (Duarte & Dillenburg 2000), although such increase seems not to persist over time
(Franco & Dillenburg 2007), which probably resulted from the fact that various factors
modulate this parameter. Our present results also show inconsistent response of SLA to light
availability, since darkness did not result in increased SLA when seeds had not been deeply
buried. In summary, plants deprived of light saved carbon for shoot elongation by expanding
fewer, smaller and lighter leaves, and, when plant shoots also had to face the soil environment,
the leaves that later emerged also had a greater SLA, probably as a result of the additional

carbon investment that had to be made to overcome the physical resistance offered by the soil.

Is shoot greening (chlorophyll accumulation) suppressed in the absence of light exposure?

LS and LB plants produced much more chlorophyll than DS and DB. It is interesting to note
that, despite being in the dark, the etiolated seedlings did produce a little amount of chlorophyll
as well, even though they appeared either whitish or yellowish.

During chlorophyll (Chl) biosynthesis, the reduction of protochlorophyllide (Pchlide) to
chlorophyllide (Chlide) is an essential step, being responsible for the plant greening phenotype.
Two different Pchlide enzymes are able to catalyse this reaction, the light-dependent NADPH-
Pchlide oxidoreductase (LPOR) and the the light-independent Pchlide reductase (DPOR)
(Armstrong 1998; Gabruk & Mysliwa-Kurdziel 2015; Stolarik et al. 2018).

Gymnosperms that produce chlorophylls in the dark have both Pchlide reductases, while
angiosperms usually lack the DPOR enzyme, which prevents them from producing chlorophyll
without light. However, among conifers and within the gymnosperm group, there is a significant
variability in the chlorophyll biosynthesis as well as in the formation of the photosynthetic
apparatus (Armstrong 1998). When grown in darkness, Picea abies (L.) Karst accumulated the
highest amount of Chl of all Pinaceae (Mariani et al. 1990; Fujita & Bauer 2003; Kusumi et al.
2006; Demko et al. 2009). On the other hand, Ginkgo biloba L. is unable to synthesize the
pigment in the absence of light, despite the presence of the corresponding genes, which may not
be expressed in a significant quantity (Burke et al. 1993; Chinn & Silverthorne 1993; Richard et
al. 1994; Pavlovi¢ et al. 2009).

This is the first study addressing the development of seedlings of A. angustifolia in darkness,

since previous works only focused on the role of shading. Franco & Dillenburg (2007) reported
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a higher chlorophyll content per unit of leaf dry mass in plants receiving 10% of full irradiance
than in those which were fully irradiated. This contrasted to the results presented by Duarte &
Dillenburg (2000), who did not observe an increase in chlorophyll concentration in response to
a similar level of shading. An increase in the amount of chlorophyll per unit of leaf mass in
plants exposed to low irradiances is a quite common response (Boardman 1977; Barrett & Fox
1994; Henry & Aarssen 1997; Nicotra et al. 1997), and has been interpreted as an adjustment of
the photosynthetic apparatus aiming to absorb a greater amount of photons that travels through
the leaf tissue. However, some studies have proposed that a reduction in total chlorophyll
content may also be a proper physiological response (Boardman 1977; Kozlowski et al. 1991;
Barrett & Fox 1994; Stenberg et al. 1995). Strauss-Debenedetti & Bazzaz (1991) have proposed
that the response of chlorophyll concentration to light availability depends on plant life habits,
but, taking into account the N costs involved in synthesizing chlorophylls, one would expect it
to also be responsive to soil chemical conditions. When it comes to darkness, chlorophylls are
of no use, and not synthesizing them until light is available may save carbon and nutrients to the
growing plant. Our results do indicate that seedlings of A. angustifolia do not respond to
darkness in the same way it usually respond to shade. As previously stated, this response could
represent an economy of resources in such a hostile environment, where photosynthesis is not
possible and the seed’s finite resources have to be parsimoniously used. We hypothesize that,
alike other gymnosperms that do not synthetize chlorophyll in the dark, the DPOR gene may be
absent or non-functional in this species, and we suggest this possibility should be investigated in

future studies.

Does darkness result in a greater consumption of seed reserves?

One would expect that, due to the deprivation of light, seedlings of A. angustifolia would more
readily consume the abundant seed reserves than those under light. Darkness, however, had no
apparent effect in the rate of consumption of seed reserves. Dillenburg et al. (2010), when
investigating the role of the underground hypocotyl during seedling growth, reported that,
regardless of whether seedlings were developing under light or darkness, seed consumption
followed the same pace, and its reserves were mostly restored in the underground hypocotyl for
later use in sustaining shoot growth. It does seem that, by having the possibility of restoring the
seed reserves, the species drains its supporting seeds in a manner that is not responsive to how
much resources are available for growth.

If light per se did not affect the rate of seed consumption, seed burial did, but only when the

aerial environmental was not shaded. These results will be later discussed.
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Do dark-grown plants differ from light-grown ones on their overall mass accumulation

and on the relative investments of such mass?

Despite the contrasting phenotypes between light- and dark-grown plants, the total amount of
dry mass they accumulated did not differ. On a first look, this seems quite surprising
considering that plants in the dark were unable to photosynthesize. Dillenburg et al. (2010)
reported differences in mass accumulation between light- and dark-grown plants, but only after
100 days of growth. This major delay in detecting the negative effects of light absence on mass
accumulation probably results from the plentiful reserves provided by the seed, combined with a
slow pace of growth. The dark-grown plants in our study would most likely accumulate less
mass than those exposed to light, had we allowed them to grow a little longer.

Another important aspect relates to the distribution of the total mass among the different plant
parts. Darkness did not result in any significant changes in the shoot : root and shoot : lateral
roots biomass ratios. Increasing the allocation to shoot growth in response to shading is
regarded as a universal response (Pearcy & Sims 1994), but it may reduce plants’ ability to
compete for belowground resources (Walters et al. 1993). Duarte & Dillenburg (2000) and
Franco & Dillenburg failed to detect such differences in their 5-month experiments, while Inoue
and Torres (1980) did report an increase in the shoot : root mass ratio of A. angustifolia in
response to shading in a 9-month experiment. In contrast to these previous studies, we imposed
darkness and not shade to the growing seedlings. Our experiment also lasted almost five
months, and we also did not observe any changes in either the shoot : root or shoot : lateral roots
mass ratios in response to darkness. These lacks of responses displayed by seedlings may reveal
the importance of the root system for the very initial stages of plant development and indicates
that the degree of plasticity of these ratios probably depends on the stage of plant development.

The experimental seedlings were also unresponsive to the presence or absence of light
regarding the relative investment in lateral roots vs. main root. This unresponsiveness may be
again related to a lack of plasticity at the very early stages of plant development, but we can also
speculate that, for as long as the young seedlings survive under darkness, changing this mass

allocation may have no impact in its success in the search for light.

Is skotomorphogenesis development different, depending on whether light was suppressed

by seed burial or by shoot exposure to a light-deprived aerial environment?

Two major considerations should be made regarding plants that originated from seeds that were
buried deep into the soil. One concerns and intra-plant and intra-organ response of below- vs
aboveground sections of the same shoot. The other relates to the possible interactive effects of

seeding depth and light presence in the aerial environment.
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When the two different sections of the same shoot were compared in LB and DB, important
differences did appear. When belowground, true leaves were not produced in the shoots, and
what we found were scale-like structures. These underground shoot sections were also green-
less, but we did not make any attempt to quantify chlorophylls or SLA in those scaly leaves. We
can then say that, regarding leaf development, that being buried into the soil resulted in more
profound reductions in leaf development than only being in the dark, and made the tiny leaves
grow attached to the stem surface, which certainly facilitated shoot extension through the soil.
As for chlorophyll accumulation, no additional effect of the soil around the shoots would be
expected other than suppressing the light and then preventing them from producing these
photosynthetic pigments, so they were as colorless as the aboveground sections that were in the
dark (DB plants) and deeply contrasted to the green aboveground sections when these were
irradiated (LB plants). Stem diameter was also dramatically different between the two sections,
both in LB and DB plants, being much larger in the below- than in the aboveground section.
This increased diameter most certainly allowed the stems to more successfully ‘dig” through the
soil without breaking and is analogous to the already reported increased diameter of roots in
response to increased soil compaction (Mdsena & Dillenburg 2004). Consistent with the
diameter response, the sections of the shoot that were growing below the soil surface had a
much lower SSL than the sections that were growing above the soil surface, indicating a much
greater investment of mass in order to achieve a given extension of the shoot. As previously
discussed, this smaller SSL may also have resulted from an increased density of the root tissues,
an aspect which has not been evaluated in this study. It is known that switching from a
thin-walled stem tissue to a dense and lignified one increase stem vigor and prevent plants from
collapsing under their own weight as they grow taller (Steingraeber 1982; Niklas 1994). A
similar switch might be needed when a stem elongates in a high resistance environment such as
the soil, instead of elongating facing the much lower resistance offered by the air. To our
knowledge, this is the first study to address the impact of seed burial in the shoot growth and
development of A. angustifolia.

In addition to affecting shoot developmental patterns within the same plant, seed burial also
modulated some of the plant responses to the presence of light and vice versa. One would
expect that plants originating from deeply-buried seeds would attain a smaller height than those
coming from seeds located close to the soil surface, because, in the first scenario, part of the
shoot vertical extension took place belowground. Interestingly, this effect was only perceived in
dark-grown plants. We suggest that the great carbon investment that had to be made by the
underground stems (which had a smaller SSL), did not prevent the LB plants from attaining the
same height as LS plants. The seed consumption data show that the former had used more of the
seed reserves by the end of the experiment than the latter, and, taking into account that this

difference in seed consumption was not noticed when comparing DS and DB plants, it is
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possible that the LB plants speeded up seed consumption only when the shoots emerged from
the soil and acquired a photomorphogenic development. This final ‘boom’ in seed consumption
allowed their shoots to get as tall as those that were never belowground. Seed consumption did
not differ between DS and DB plants, which resulted in those whose shoots came from deep in
the soil to attain a smaller height than those that started from the surface. It was also noticeable
that a deep seed burial in dark-grown plants (DB) not only resulted in shorter plants but also in
aboveground shoots with much greater SSL (more slender shoots), when compared to plants
that were also in a dark environment but did not have to face a deep seed burial. A similar
response also occurred at the leaf level: the same DB plants also had the greatest SLA among all
plant groups, indicating that they invested much less carbon to build a given leaf area than did
the dark-grown plants that did not face deep seed burial.

It was already mentioned earlier in the discussion, that an increase in the shoot : root ratio in
response to darkness was observed only when plants originated from deeply-buried seeds. This
resulted from the unexpected and yet unexplained fact that deep-seed burial led to an increase of
root mass and a consequent decrease in shoot : root ratio in plants exposed to light. This resulted

in LB plants having a shoot : root ratio that was smaller than all other groups.

What next?

Futures investigations of the skotomorphogenic development of A. angustifolia should look
deep into anatomical aspects of shoots and leaves to better understand the mechanisms behind
the observed responses. The temporal dynamics of seed consumption would also help
understand the distinct responses to light availability between plants that arose from deeply
sown seeds and those that emerge from seeds located close to the soil surface. It could also be
quite interesting to investigate the biochemical and molecular limitations of the

skotomorphogenic seedlings regarding chlorophyll accumulation.

20



References:

Armstrong GA (1998) Greening in the dark: light-independent chlorophyll biosynthesis from
anoxygenic photosynthetic bacteria to gymnosperms. J Photochem Photobiol B Biol 43:87—
100.

Arsovski AA, Galstyan A, Guseman JM, Nemhauser JL (2012) Photomorphogenesis.
Arabidopsis Book 10:e0147.

Barbosa JZ, dos Santos Domingues CR, Poggere GC, Motta ACV, dos Reis AR, de Moraes MF,
Prior SA (2019) Elemental composition and nutritional value of Araucaria angustifolia seeds
from subtropical Brazil. J Food Sci Technol 56:1073-1077.

Barrett DR, Fox JED (1994) Early growth of Santalum album in relation to shade. Aust J Bot
42:89-93.

Boardman NK (1977) Comparative photosynthesis of sun and shade plants. Annu Rev Plant
Physiol 28:355-377.

Burke DH, Raubeson LA, Alberti M, Hearst JE, Jordan ET, Kirch SA, Valinski AEC, Conant
DS, Stein DB (1993) The chlL (frx) gene: phylogenetic distribution in vascular plants and
DNA sequence from Polystichum acrostichoides (Pteridophyta) and Synechococcus sp. 7200
(Cyanaobacteria). Pl Syst Evol 187:89-102.

Cancian MAE, Cordeiro L (1998) Efeito do sombreamento no crescimento inicial de
Lonchocarpus muehlbergianus Hassl. Acta Bot Brasilica 12:367-373.

Castillon A, Shen H, Hug E (2007) Phytochrome interacting factors: central players in
phytochrome-mediated light signaling networks. Trends Plant Sci 12:514-521.

Cerrudo I, Keller MM, Cargnel MD, Demkura PV, de Wit M, Patitucci MS, Pierik R, Pieterse
CMJ, Ballaré CL (2012) Low red/far-red ratios reduce Arabidopsis resistance to Botrytis
cinerea and jasmonate responses via a COI1-JAZ10-dependent, salicylic acid-independent
mechanism. Plant Physiol 158:2042—-2052.

Chinn E, Silverthorne J (1993) Light-dependent chloroplast development and expression of a
light-harvesting chlorophyll a/b-binding protein gene in the gymnosperm Ginkgo biloba.
Plant Physiol 103:727-732.

Chory J, Chatterjee M, Cook RK, Elich T, Fankhauser C, Li J, Nagpal P, Neff M, Pepper A,
Poole D, Reed J, Vitart V (1996) From seed germination to flowering, light controls plant
development via the pigment phytochrome. Proc Natl Acad Sci U S A 93:12066-12071.

Chory J, Peto C, Feinbaum R, Pratt L, Ausubel F (1989) Arabidopsis thaliana mutant that
develops as a light-grown plant in the absence of light. Cell 58:991-999.

de Souza MIF, Salgueiro F, Carnavale-Bottino M, Félix DB, Alves-Ferreira M, Bittencourt
JVM, Margis R (2009) Patterns of genetic diversity in southern and southeastern Araucaria
angustifolia (Bert.) O. Kuntze relict populations. Genet Mol Biol, 32:546-556.

21



de Wit M, Spoel SH, Sanchez-Perez GF, Gommers CMM, Pieterse CMJ, Voesenek LACJ,
Pierik R (2013) Perception of low red:far-red ratio compromises both salicylic acid- and
jasmonic acid-dependent pathogen defences in Arabidopsis. Plant J 75:90-103.

Demko V, Pavlovi¢ A, Valkova D, Slovakova L, Grimm B, Hudak J (2009) A novel insight into
the regulation of light-independent chlorophyll biosynthesis in Larix decidua and Picea
abies seedlings. Planta 230:165-176.

Dillenburg LR, Rosa LMG, Mdsena M (2010) Hypocotyl of seedlings of the large-seeded
species Araucaria angustifolia: An important underground sink of the seed reserves. Trees
24:705-711.

Dobbs EM (2011) SketchAndCalc. www.SketchAndCalc.com (29 April 2019, date last
accessed).

Donohue K, Messiqua D, Pyle EH, Heschel MS, Schmitt J (2000) Evidence of adaptive
divergence in plasticity: density and site-dependent selection on shade avoidance responses
in Impatiens capensis. Evolution 54:1956-1968.

Duarte LS, Dillenburg LR (2000) Ecophysiological responses of Araucaria angustifolia
(Araucariaceae) seedlings to different irradiance levels. Aust J Bot 48:531-537.

Duarte LS, Dillenburg LR, Rosa LMG (2002) Assessing the role of light availability in the
regeneration of Araucaria angustifolia (Araucariaceae). Aust J Bot 50:741-751.

Egara K, Jones RJ (1977) Effect of shading on the seedling growth of the leguminous shrub
Leucaena leucocephala. Aust J Exp Agric 17:976-981.

Ferrer RS, Dillenburg LR (2000) Efeitos da disponibilidade de luz no crescimento inicial e
ecofisiologia de Scutia buxifolia Reissek (Rhamnaceae). Hoehnea 27:147-157.

Fortunato AE, Jaubert M, Enomoto G, Bouly J-P, Raniello R, Thaler M, Malviya S, Bernardes
JS, Rappaport F, Gentili B, Huysman MJJ, Carbone A, Bowler C, D'Alcala MR, Ikeuchi M,
Falciatore A (2016) Diatom phytochromes reveal the existence of far-red-light-based sensing
in the ocean. Plant Cell 28:616-628.

Franco MAS, Dillenburg LR (2007) Ajustes morfoldgicos e fisiol6gicos em plantas jovens de
Araucaria angustifolia (Bertol.) Kuntze em resposta ao sombreamento. Hoehnea 34:135-
144,

Fujita Y, Bauer CE (2003) The light-independent protochlorophyllide reductase: a nitrogenase-
like enzyme catalyzing a key reaction for greening in the dark. In: Kadish K, Smith K,
Guilard R (eds) The Porphyrin Handbook, volume 13: Chlorophylls and bilins: biosynthesis,
synthesis, and degradation. Academic, San Diego, pp 109-156.

Gabruk M, Mysliwa-Kurdziel B (2015) Light-dependent protochlorophyllide oxidoreductase:
phylogeny, regulation, and catalytic properties. Biochemistry 54:5255-5262.

Givnish TJ (1988) Adaptation to sun and shade—a whole-plant perspective. Aust J Plant
Physiol 15:63-92.

22



Gommers CMM (2018) The healing power of light. Plant Physiol 178:9-10.

Guerra MP, Silveira V, dos Reis MS, Schneider L (2002) Exploragdo, manejo e conservacdo de
araucéria (Araucaria angustifolia [Bert]). In: Sim@es LL, Lino CF (eds) Sustentavel Mata
Atlantica: A exploracéo de seus recursos florestais. Editora Senac, S&o Paulo, pp 85-101.

Henry HAL, Aarssen LW (1997) On the relationship between shade tolerance and shade
avoidance strategies in woodland plants. Oikos 80:575-582.

Inoue MT, Galvédo F, Torres DV (1979) Estudo ecofisiolégico sobre Araucaria angustifolia
(Bert.) O.Ktze.: Fotossintese em dependéncia a luz no estagio juvenil. Floresta 10:5-9.

Inoue MT, Torres DV (1980) Comportamento do crescimento de mudas de Araucaria
angustifolia (Bert.) O. Ktze. em dependéncia da intensidade luminosa. Floresta 11:7-11.

lob G, Vieira EM (2008) Seed predation of Araucaria angustifolia (Araucariaceae) in the
Brazilian Araucaria Forest: Influence of deposition site and comparative role of small and
“large” mammals. Plant Ecol 198:185-196.

Josse EM, Halliday KJ (2008) Skotomorphogenesis: the dark side of light signalling. Curr Biol
18:R1144-R1146.

Jung J, Domijan M, Klose C, Biswas S, Ezer D, Gao M, Khattak AK, Box MS, Charoensawan
V, Cortijo S, Kumar M, Grant A, Locke JCW, Schéfer E, Jaeger KE, Wigge PA (2016)
Phytochromes function as thermosensors in Arabidopsis. Science 354:886-889.

Jurado E, Garcia J, Flores J, Estrada E (2006) Leguminous seedling establishment in
Tamaulipan thornscrub of northeastern Mexico. For Ecol Manage 221:133-139.

Kimmins JP (ed) (1987) Forest ecology. Macmillan, New York.

Kleyer M, Trinogga J, Cebrian-Piqueras MA, Trenkamp A, Flgjgaard C, Ejrnaes R, Bouma TJ,
Minden V, Maier M, Mantilla-Contreras J, Albach DC, Blasius B (2019) Trait correlation
network analysis identifies biomass allocation traits and stem specific length as hub traits in
herbaceous perennial plants. J Ecol 107:829-842.

Kozlowski TT, Kramer PJ, Pallardy SG (ed) (1991) The physiological ecology of woody plants.
Academic Press, New York.

Kipers JJ, van Gelderen K, Pierik R (2018) Location matters: canopy light responses over
spatial scales. Trends Plant Sci 23:865-873.

Kusumi J, Sato A, Tachida H (2006) Relaxation of functional constraint on light-independent
protochlorophyllide oxidoreductase in Thuja. Mol Biol Evol 23:941-948.

Lambers H, Chapin Il FS, Pons TL (ed) (1998) Plant physiological ecology. Springer, New
York.

Lee H-J, Ha J-H, Kim S-G, Choi H-K, Kim ZH, Han Y-J, Kim J-1, Oh Y, Fragoso V, Shin K,
Hyeon T, Choi H-G, Oh K-H, Baldwin IT, Park C-M (2016) Stem-piped light activates

phytochrome B to trigger light responses in Arabidopsis thaliana roots. Sci Signal 9:ra106.

23



Leivar P, Monte E, Oka Y, Liu T, Carle C, Castillon A, Huq E, Quail PH (2008) Multiple
phytochrome-interacting bHLH transcription factors repress premature seedling
photomorphogenesis in darkness. Curr Biol 18:1815-1823.

Li H, Jiang D, Wollenweber B, Dai T, Cao W (2010) Effects of shading on morphology,
physiology and grain yield of winter wheat. Eur J Agron 33:267-275.

Mariani P, De Carli ME, Rascio N, Baldan B, Casadoro G, Bodner M, Larcher W (1990)
Synthesis of chlorophyll and photosynthetic competence in etiolated and greening seedlings
of Larix decidua as compared with Picea abies. J Plant Physiol 137:5-14.

Mathews S (2005) Phytochrome evolution in green and nongreen plants. J Hered 96:197-204.
Moreno JE, Tao Y, Chory J, Ballaré CL (2009) Ecological modulation of plant defense via
phytochrome control of jasmonate sensitivity. Proc Natl Acad Sci U S A 106:4935-4940.
Morgan DC, Smith H (1979) A systematic relationship between phytochrome-controlled
development and species habitat, for plants grown in simulated natural radiation. Planta

145:253-258.

Nicotra AB, Chazdon RL, Schlichting CD (1997) Patterns of genotypic variation and
phenotypic plasticity of light response in two tropical Piper (Piperaceae) species. Am J Bot
84:1542-1552.

Niklas KJ (1994) The allometry of safety-factors for plant height. Am J Bot 81:345-351.

Pavlovi¢ A, Slovakova I’, Demko V, Durchan M, Mikulova K, Hudak J (2009) Chlorophyll
biosynthesis and chloroplast development in etiolated seedlings of Ginkgo biloba L.
Photosynthetica 47:510-516.

Pearcy RW, Sims DA (1994) Photosynthetic acclimation to changing light environments. In:
Caldwell MM, Pearcy RW (eds) Exploitation of environmental heterogeneity by plants—
ecophysiological processes above- and belowground. Academic Press, New York, pp 145-
174,

Peer WA, Briggs WR, Langenheim JH (1999) Shade-avoidance responses in two common
coastal redwood forest species, Sequoia sempervirens (Taxodiaceae) and Satureja douglasii
(Lamiaceae), occurring in various light quality environments. Am J Bot 86:640-645.

Pierik R, Visser EJW, de Kroon H, Voesenek LACJ (2003) Ethylene is required in tobacco to
successfully compete with proximate neighbours. Plant Cell Environ 26:1229-1234.

Poorter L (1999) Growth responses of 15 rain-forest tree species to a light gradient: the relative
importance of morphological and physiological traits. Funct Ecol 13:396-410.

Reitz PR, Klein RM, Reis A (ed) (1988) Projeto Madeira do Rio Grande do Sul. Companhia
Rio-Grandense de Artes Graficas, Porto Alegre.

Ribeiro JF, Vieira EM (2014) Interactions between a seed-eating neotropical rodent, the Azara’s
agouti (Dasyprocta azarae), and the Brazilian “pine” Araucaria angustifolia. Austral Ecol
39:279-287.

24



Richard M, Tremblay C, Bellemare G (1994) Chloroplastic genomes of Ginkgo biloba and
Chlamydomonas moewusii contain a chlB gene encoding one subunit of a light-independent
protochlorophyllide reductase. Curr Genet 26:159-165.

Schmitt J, McCormac AC, Smith H (1995) A test of the adaptive plasticity hypothesis using
transgenic and mutant plants disabled in phytochrome-mediated elongation responses to
neighbors. Am Nat 146:937-953.

Schmitt J, Wulff RD (1993) Light spectral quality, phytochrome and plant competition. Trends
Ecol Evol 8:47-51.

Seluzicki A, Burko Y, Chory J (2017) Dancing in the dark: Darkness as a signal in plants. Plant
Cell Environ 40:2487-2501.

Stenberg P, DelLucia EH, Schoettle AW, Smolander H (1995) Photosynthetic light capture and
processing from cell to canopy. In: Smith WK, Hinckley TM (eds) Resource physiology of
conifers—acquisition, allocation and utilization, Academic Press, San Diego, pp 3-36.

Stolarik T, Nozkova V, Nosek L, Pavlovi¢ A (2018) Dark chlorophyll synthesis may provide a
potential for shade tolerance as shown by a comparative study with seedlings of European
larch (Larix decidua) and Norway spruce (Picea abies). Trees - Struct Funct 32:951-965.

Strasser B, Sanchez-Lamas M., Yanovsky MJ, Casal JJ, Cerdan PD (2010) Arabidopsis thaliana
life without phytochromes. Proc Natl Acad Sci U S A 107:4776-4781.

Strauss-Debenedetti S, Bazzaz FA (1991) Plasticity and acclimation to light in tropical
Moraceae of different sucessional positions. Oecologia 87:377-387.

Thomas P (2013) Araucaria angustifolia. The IUCN Red List of Threatened Species.
https://www.iucnredlist.org/species/32975/2829141 (17 April 2019, date last accessed)

Valladares F, Niinemets U (2008) Shade tolerance, a key plant feature of complex nature and
consequences. Annu Rev Ecol Evol Syst 39:237-257.

van Gelderen K, Kang C, Paalman R, Keuskamp D, Hayes S, Pierik R (2018) Far-red light
detection in the shoot regulates lateral root development through the HY5 transcription
factor. Plant Cell 30:101-116.

Walters MB, Kruger EL, Reich PB (1993) Growth, biomass distribution and CO, exchange of
northern hardwood seedlings in high and low light: relationships with successional status and
shade tolerance. Oecologia 94:7-16.

Wintermans JFGM, De Mots A (1965) Spectrophotometric characteristics of chlorophylls a and
b and their phenophytins in ethanol. Biochim. Biophys. Acta BBA, 109:448-453.

Xu X, Paik I, Zhu L, Hug E (2015) llluminating progress in phytochrome-mediated light
signaling pathways. Trends Plant Sci 20:641-650.

Yamaguchi R, Nakamura M, Mochizuki N, Kay S, Nagatani A (1999) Light-dependent
translocation of a phytochrome B-GFP fusion protein to the nucleus in transgenic
Arabidopsis. Cell 145:437-445.

25



Tables and Figures

Table 1. Growth and physiological parameters measured in Araucaria angustifolia seedlings grown under four different
treatments. All means are followed by standard errors. Treatments means with different letters within rows and with asterisks (*)
between rows are significantly different at P <0.05.

Parameter Treatment

LS DS LB DB
Shoot : Root (g g?) 1.82+0.24a 1.87 +0.24a 1.03 £ 0.09b 1.36 + 0.16ab
Shoot : Lateral roots (g g*) 5.11 £ 1.00ab 6.43£1.03a 2.42 £0.22b 4.11 £ 0.57ab
Lateral roots : Main root (g g*) 1.64 +0.35ab 1.15+0.20b 2.01+0.17a 1.57 £0.21ab
Seed reserves consumption (g g?) 0.69 + 0.02bc 0.74 £ 0.02bc 0.80+0.01a 0.77 £ 0.02ac
Stem diameter - Aboveground shoot (cm) 0.27 £ 0.01ab 0.33+0.02a 0.26 + 0.02b* 0.29 + 0.01ab*
Stem diameter - Belowground shoot (cm) - - 0.51 £ 0.03a* 0.41 + 0.02b*
Specific stem length - Aboveground shoot (cm g?)  34.58 +3.10b 43.99 +2.45h 40.46 £ 1.52b* 73.19 £ 9.43a*
Specific stem length - Belowground shoot (cm g?%) - - 24.44 + 1.94a* 29.81 + 3.35a*
Internode length (leaves cm™) 4.97 + 0.45ac 2.43+£0.14b 5.16 + 0.56ac 2.87+£0.48b
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Figure 1. Seedling height growth. Vertical bars indicate the mean

standard error. Significant differences between treatments (P <
0.05) were detected only in the last measurement.

27



50

a
40 - ab
3
©
i oz
S 30 4
=
a b b
b} il il
o
% 20
s
o
|_
10
0 T T
LS DS LB DB

Treatment
Figure 2. Total shoot length of the seedlings. Vertical bars indicate
the mean standard error. Different letters above bars indicate
significant differences between treatments (P < 0.05).



Figure 3. A photomorphogenic (left) and a skotomorphogenic
(right) Araucaria angustifolia seedling. Note the paler and longer
stem, as well as the tinier leaves of the skotomorphogenic plant,
when compared to the photomorphogenic one. The
skotomorphogenic plants did not lose the capacity for self-
support.
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Figure 4. Plant biomass at the end of the experiment. Vertical
bars indicate the mean standard error. Different letters above bars
indicate significant differences between treatments (P < 0.05).
There were differences only in the root biomass.
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Figure 5. A photomorphogenic seedling (from the LB
group) whose seed was buried deep into the soil. Note the
absence of leaves in the belowground shoot.
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Figure 6. Specific leaf area, individual leaf area and individual
leaf dry mass at the end of the experiment. Vertical bars indicate
the mean standard error. Different letters above bars indicate
significant differences between treatments (P < 0.05).
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Figure 7. Chlorophyll content on a dry mass basis. Vertical bars
indicate the mean standard error. Different letters above bars
indicate significant differences between treatments (P < 0.05).
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Figure 8. Chlorophyll content on a leaf area basis. Vertical bars
indicate the mean standard error. Different letters above bars
indicate significant differences between treatments (P < 0.05).
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