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ABSTRACT

, Bernardo Pretti Becacici Macieira" >*

Paubrasilia echinata presents three morphotypes that differ from each other in leaf morphology (small morphotype-
SM, medium morphotype-MM, and large morphotype-LM) with indications of divergence between them regarding
irradiance tolerance. The present study aimed to identify possible physiological and growth patterns in P. echinata
morphotypes under contrasting irradiance. The growth and photosynthesis of SM were inhibited in the full sun,
and those of MM and LV, in the shade. The auxin contents of the three morphotypes increased in the full sun.
However, in MM and LM, this increase was 5 times greater. The oxidative damage (hydrogen peroxide-H,0O, and
lipid peroxidation-MDA content) of SM were higher in the full sun and of MM and LM in the shade. The stem
hemicelluloses and CO, assimilation decreased in shade for SM, and sun for MM and LM. The shade tolerance of
SM and the full sun tolerance of MM and LM were associated with lower oxidative damage and cell wall loosening
(lower hemicelluloses content) in the photo-promoted treatments. The integration of the lower oxidative damage
with cell wall loosening seems to represent an essential part of the tolerance mechanism of P. echinata morphotypes

in the shade and full sun.
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Introduction

The few studies about the physiology of sun-tolerant
(pioneer) and shade-tolerant (non-pioneer) tropical forest
tree species under contrasting solar irradiances (shade
and full sun) in the early growth phase have presented
unclear responses regarding growth (Souza & Vilio 2003),
photosynthesis (Ribeiro et al. 2005), and oxidant metabolism
(Contin et al. 2014) between these two functional classes.

This makes it difficult to understand the ecophysiology of
sun-tolerant and shade-tolerant tree species of tropical
forests under shade and full sun conditions.

Although the sun-tolerant and shade-tolerant species
are known by their requirement of full sun and shade
for establishment and growth (Finegan 1984; Swaine &
Whitmore 1988; Whitmore 1991), respectively, some
tropical tree species have not presented a well-defined
growth pattern among these two successional classes under
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shade and full sun conditions (Souza & Valio 2003). For these
authors, inter-specific differences in growth parameters
such as root:shoot ratio and leaf mass area did not show
differentiated responses between sun-tolerant and shade-
tolerant species under shade and full sun. In general, the
species of these two functional classes exhibited higher
relative growth rates and net assimilation rates in full sun
(Souza & Valio 2003) or in intermediated shade conditions
in relation to deep shade (Kitajima 1994).

Although tropical pioneer species are characterized
by a level of photosynthesis higher than the non-pioneer
species (Whitmore 1991; Huc et al. 1994; Nogueira et al.
2004; Portes et al. 2010), this variable did not present a
well-defined pattern of responses in some tropical shade-
tolerant and sun-tolerant tree species under contrasting
solar irradiance. In general, some sun-tolerant and shade-
tolerant tropical trees presented higher photosynthesis in
full sun conditions, showing that this variable did not show
a clear difference between these two successional groups
under contrasting intensity irradiance (Kitajima 1994;
Ribeiro et al. 2005).

Like photosynthesis, almost nothing is known about
carbon allocation in sun-tolerant and shade-tolerant
morphotypes of tropical trees under contrasting irradiance
(shade and full sun) conditions. Most of the photo-
assimilated carbon that is not used in the metabolism is
stored in the form of structural carbon reservoirs that make
up the microfibrils of cellulose, hemicelluloses, and lignin of
the cell wall (Schidel et al. 2010). These polymers represent
40-60% of the dry mass of plants (Thomas & Martin 2012).
In addition to the structural function, cell wall polymers
act as an energy reserve, and may experience some cycling
under environmental stress (Le Gall et al. 2015). One of a
few studies with sun-tolerant and shade-tolerant tropical
trees submitted to contrasting irradiance revealed that
lignin deposition in shade-tolerant Paratecoma peroba may be
stimulated by the exposure to full sun conditions (Paradizo
etal. 2015). As for cellulose and hemicelluloses, information
on the irradiance effects on these carbon polymers contents
in trees are scarce (Le Gall et al. 2015).

Although some pioneer tropical trees are more tolerant
against the oxidative stress than non-pioneer trees in
natural field conditions (Esposito et al. 2018), the oxidant
reactions of some sun-tolerant and shade-tolerant juvenile
tropical trees under photo-inhibitory conditions (shade
and full sun, respectively) did not exhibit very well defined
traits between these two functional classes (Contin et al.
2014). The most abundant, reactive and stable reactive
oxygen species is hydrogen peroxide-H,0, (Choudhury et
al. 2017), a potent lipid peroxidation agent detected by
the increase of malondialdehyde-MDA (Asada & Asada
1999) in plants under stress situations. Under such oxidant
conditions, including low and intense solar irradiance, the
excess of H,O, may affect photosynthesis (Liu et al. 2016)
resulting in growth inhibition by limiting the amount of
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photoassimilates (Gaburro et al. 2015; Portela et al. 2019;
Gama et al. 2019). The H,0, can also affect growth by
blocking the auxin synthesis (Kurepin et al. 2007; Gong et al.
2014), which promotes cell expansion and stem elongation
(Sofo et al. 2004; Baroniya et al. 2014; Kataria et al. 2014).
Among the few studies about oxidant reactions in native
tropical trees, Contin et al. (2014) showed that the juvenile
sun-tolerant Guazuma ulmifolia accamulated H,O, and MDA
under a high irradiance regime while the contents of these
compounds did not differ among the contrasting irradiance
regimes for Ceiba speciosa. Differently from expected, these
authors concluded that the sun-tolerant plant is more
sensitive to high irradiance and that the photo-oxidative
damage repair in this functional group species does not
always perform better than in the shade-tolerant species.
In contrast, Favaretto et al. (2011) concluded that, in full
sun conditions, tropical pioneer species present a higher
antioxidant capacity than non-pioneer ones. In addition,
nothing is known about the oxidative metabolism of shade-
tolerant and sun-tolerant tropical trees under contrasting
solar irradiance.

These contradictory or insufficiently clear results
regarding growth, photosynthesis, and oxidant reactions
in the juvenile phase of sun-tolerant and shade-tolerant
tropical forest trees under contrasting solar irradiance (shade
and full sun) regimes have been attributed, in particular, to
interspecific divergences (Souza & Valio 2003; Favaretto et
al. 2011). In general, such studies have used species from
distant taxonomic levels at the genus and family levels. The
most used sun-tolerant genera were been Cecropria, Croton,
Guazuma, Senna, and Schinus, and the shade-tolerant ones
were Cariniana, Cedrela, Ceiba, Esenbeckia, Hymenaea, and
Tabebuia, all of them from very distantly related families.

In order to overcome this situation, it is necessary to
investigate closely related species, or to analyse species with
morphotypes differing in their tolerance to solar irradiance
intensity. These types of studies are rare in tropical forests.
Organisms with this intraspecific profile may provide a better
understanding of the physiological reactions in tropical trees
tolerant to full sun or shade conditions. Paubrasilia echinata
(Fabaceae), known as Brazilwood, is a tropical tree with the
intraspecific aforementioned profile. This species has three
morphotypes that differ regarding the morphology of their
leaflets: the small, medium, and large leaflet morphotypes
(Juchum et al. 2008). These three morphotypes also differ
in their early growth habit. The small morphotype has been
considered as shade-tolerant (Mengarda et al. 2009) and the
medium morphotype as sun-tolerant (Gama et al. 2019). The
criteria used by these authors to classify the morphotype
habits were based on the irradiance that offered the best
growth and photosynthesis condition for each morphotype.
Regarding the large morphotype, the relation between its
growth habit and the irradiance level is unknown.

The purpose of the present study was to identify
possible physiological and morphological patterns in the
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morphotypes of sun-tolerant and shade-tolerant varieties of
P echinata under contrasting shade and full sun conditions,
therefore controlling taxonomic divergences. We also
intend to contribute to increase the knowledge about
the physiological mechanisms of tropical trees tolerant
to shade and full sunlight under contrasting irradiance.
We hypothesize that the low growth and photosynthesis
of the small morphotype (shade-tolerant) in the full sun
condition and of the medium and large morphotypes (sun-
tolerant) in the shaded environment was due to the higher
oxidant reactions and lower auxin and cell wall polymer
concentrations at the photo-inhibitory conditions.

Materials and methods

Study area and experimental design

The experiment was conducted at the Departamento
de Ciéncias Biolégicas da Universidade Federal do Espirito
Santo (20°18’52” S and 40°19’06” W) at Vitéria, Espirito
Santo state, Brazil. The plants were propagated from
seeds of the small, medium, and large leaf morphotypes
of Paubrasilia echinata Lam. — Gagnon, H.C.Lima & G.P.Lewis
(Fabaceae) grown in plastic pots of 20 L containing soil from
the lowland Atlantic forest where this species naturally
grows. The soil was collected at 30 cm below the surface.
The soil chemical and physical characteristics are presented
in Table 1. According to Cuzzuol et al. (2013), the soil was
not fertilized.

The plants were cultivated inside a nursery (6.0 m length
x 1.5 m depth x 2.0 m height) covered by black polyethylene
nets plus solar interference film (Insulfilm™, S3o0 Paulo,
Brazil), resulting in a solar irradiance of approximately 50 %
of photosynthetic photon flux density (PPFD) (1,000+150
pumol m? s™) on a sunny day at 9:00 a.m. The plants were
irrigated daily with tap water, and cultivated under these
conditions for one year, when they exhibited the proper
structural dimensions for the beginning of this experiment.

After this period of biomass growth, plants with 18+3
cm height and 4+1 leaves were divided in two lots. One lot of
20 plants of each morphotype was transferred to the other
nursery, covered with black polyethylene nets plus solar
interference film, in order to reduce the solar irradiance to
approximately 10 % PPFD (200+80 pmol m™ s at midday)
simulating the understory environment of a tropical forest.
The other lot (20 plants per morphotype) was exposed to full
sun or 100 % PPFD (2,000+250 pmol m? s PAR at midday)

on cloudless days. The PPFD inside the nursery and in full
sun was measured with a spectroradiometer (Spectrum
Technologies, Inc., Illinois, USA) every 1 min for 10 min.

The experiment began in Jun 2013 and ended in
March 2014. The average relative humidity, rainfall, and
temperature of each month were 80+15 %, 7530 mm,
and 24+6 °C, respectively, recorded by the meteorological
station of the Instituto Capixaba de Pesquisa, Assisténcia
Técnica e Extensio Rural (INCAPER), located 200 meters
from the study site. The plants of both lots were irrigated
daily with tap water. Every two weeks, the position of the
lots was randomly shifted within each treatment to avoid
environmental influences other than the solar irradiance.

In each treatment, we used seven repetitions for growth
and cell wall polymers analysis, and five repetitions for
photosynthetic and biochemical analyses. Each repetition
was composed by one plant.

Growth analyses

At the beginning and at the end of the experiment, the
stem height (stem base until terminal bud) and diameter
(stem base), root, stem and leaf dry mass, and total leaflet
area of the plants from each treatment were measured
according to Mengarda et al. (2009). To obtain the dry mass,
the plant material was oven-dried at 60 °C until reaching
constant weight. The leaflet area was determined using a
leaf area meter (LI-COR 3100, Nebraska, USA). Based on
the data obtained the leaf mass area-LMA (leaf dry mass/
leaf area), root:shoot ratio (root dry mass/shoot dry mass),
relative growth rate-RGR [(InTDM, - 1nTDM,)/(t, - t;)],
and net assimilation rate-NAR [(TDM, - TDM,)/(t, - t;) x
(InLA, - InLA,)/(LA, - LA,)] were calculated, where In =
natural logarithm, TDM = total dry mass, LA = leaf area, t
= time, and index; = initial value and index, = final value,
according to Lambers & Poorter (1992).

Gas exchange and chlorophyll a fluorescence

Gas exchange and chlorophyll a fluorescence
measurements were performed on the middle portion of
the fully expanded mature leaves from the third apical
node, on a sunny day, before the growth analysis, using
portable photosynthesis systems for gas exchange (LI
6400XT, Li-Cor, Inc., Lincoln, NE, USA) equipped with
red and blue light sources (LI-6400-02B LED) in order to
maximize stomatal opening, and with a 2 cm? integrated
fluorescence chamber (LI-6400-40, LI-COR Inc.). In the
case of the small morphotype, two leaflets were used to
fill the entire chamber area. Gas exchange was conducted

Table 1. Physical and chemical characteristics of the soils of lowland formation of the Atlantic forest of Espirito Santo state, Brazil
(Santos et al. 2004). C is soil organic carbon content, N is soil nitrogen content, SEB is soil sum exchangeable bases, CEC is soil cation
exchange capacity, V is soil cation saturation and P is soil phosphorus content.

“dceplcm) | sand | sith | day | Cokg’' | Nolg' | CN | ph | SeBcnocig’' | CiCamocig' | V% | Pmoig'|
4 5 2.6 4.2 62 2
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11-41 7 5 16
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under an artificial saturating light of 500 umol photons
m?s™ for shade and 1,000 umol photons m? s™ for full sun,
previously defined by light-response curves (A/PPED). The
humidity of the air inside the chamber was adjusted by
the equipment itself by 60 %, keeping it standardized for
all treatments. The respiration rate in the dark (Rd) was
determined two hours after the end of the light period and
calculated through the A/PPED ratio. The Rd was measured
during the night, without any light, in order to evaluate
the real mitochondrial respiratory activity of the plants.
The net CO, assimilation rate (A), stomatal conductance
to water vapor (gs), transpiration (E), and internal CO,
concentration (Ci) were measured from 08:00 to 10:00 a.m.
under an external CO, concentration of 400 pmol mol™
and an average temperature of 27 °C. Based on these gas
exchange variables, the water-use efficiency (WUE = A/E),
and the instantaneous carboxylation efficiency (®c = A/
Ci) were calculated.

The determination of chlorophyll a fluorescence started
two hours after the end of the light period with a fluorometer
coupled to a gas exchange system. The leaves were pre-
adapted to dark for 30 min and then initially exposed
to a faint red-distant pulse (0.03 umol photons m? s™)
for determination of the initial fluorescence (F,). Then,
a pulse of saturating light with solar irradiance of 8,000
pmol photons m? s* with 0.8 s of duration was applied
to estimate the maximum emitted fluorescence (F,,). The
variable fluorescence (F,) was determined by the difference
between F, and F,,. Based on the values of F, and F,,, the
maximum photochemical yield of photosystem II (PSII) F,/
F.,= (F,—F,)/F,, (Butler 1978) was calculated. We removed all
the leaflets from the first two mature, apical, fully expanded
leaves used in photosynthesis analyses in order to perform
the biochemical analysis (auxin, hydrogen peroxide, and
lipid peroxidation).

Auxin

Samples of 4 g of fresh leaf tissue were ground in 15 mL
of methanol (pro analysis) containing 1.5 mL of 1 M HC],
and the homogenate was kept in the dark at 4 °C for 12 h
(Guo et al. 2010). The extracts were then centrifuged at 4.324
x g for 15 min. The supernatants were reduced to 3 mL in
an ice bath under a laminar flow hood. Indol-3-acetic acid
(IAA) was extracted from a mixture of 1 mL of the extract,
1mL of 1% 4-dimethylaminobenzaldehyde (PDAB; Ehrlich
reagent, Sigma-Aldrich), and 0.45 mL of 36 % HCI, for 40
min at 25 °C, and the absorbances were read at 583 nm
in a spectrophotometer (Thermo Scientific GENESYS 10S
UV-Vis Spectrophotometer, Massachusetts, USA). Then, the
mixtures were heated in a water bath at 70 °C for 150 min
and again read at 583 nm. The absorbances were applied to
standard curves of 0 to 10 ug of IAA obtained from Sigma-
Aldrich, and the results were expressed in pg of auxin [AA
per gram of dry mass. The pellet from the centrifugation
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was dried in an oven at 50 °C for 5 days, and its weight was
used to express the results by dry mass.

Hydrogen peroxide contents (H,0,) and lipid
perox%az‘/on (MDA determination

The extracts for determination of the H,O, and MDA
contents were obtained from 250 mg of fresh leaf tissue.
The samples were ground in liquid nitrogen plus 20 %
polyvinylpolypyrrolidone (PVPP), homogenized in 5 mL of
0.1% trichloroacetic acid (TCA), and centrifuged at 10,000
x g for 10 min at 4 °C. The H,0, content was determined
following the method of Alexieva et al. (2001). The reaction
medium consisted of 0.5 mL of the extract supernatant,
0.5 mL of 100 mM potassium phosphate buffer (pH 7),
and 2 mL of 1 M potassium iodide. The reaction occurred
in the dark for 1 h, the absorbance was read at 390 nm, and
the H,0, content was determined using a standard curve.

The determination of the MDA content, the end product
of lipid peroxidation, followed the method of Buege &
Aust (1978), in a reaction with TCA. Aliquots of the
supernatant were added to the reaction medium (0.5 %
w/v) of 2-thiobarbituric acid (TBA) and 10 % (w/v) TCA and
incubated at 95 °C for 30 min. The reaction was then stopped
by flash-cooling on ice, and readings were performed at
535 and 600 nm. The MDA content was calculated from
the extinction coefficient of 155 mM™.cm™ by applying the
formula MDA content (uM) = [(A535-A600)/1.56] x 105
(Buege & Aust 1978). The absorbances were read in Genesys
5.0 spectrophotometer (Thermo Scientific, Madison, W1,
USA). The determination of the dry mass followed the same
method used for auxin.

Cell wall polymers (CWP)

Leaf and stem segments of the dried plants used in the
growth analysis were ground in a ball mill (Tecnal TE-350,
S3o0 Paulo, Brazil). The CWP concentrations were assessed
following the gravimetric analysis by chemical precipitation.
For cellulose analysis 100 mg of ground samples were treated
according to Brendel et al. (2000), with 80 % acetic acid and
69 % nitric acid added and placed in a water bath at 100 °C
for 60 min. After cooling, 99 % ethanol was added to the
samples, homogenized, centrifuged, and the supernatant
discarded. The samples were then washed sequentially
in 99 % ethanol, deionized water, 17 % NaOH, deionized
water, deionized water + acetic acid, and deionized water
again. Between each wash, the samples were centrifuged
and the supernatants discarded. After the last wash, the
samples were dried and weighed. This weight was then
subtracted from the initial weight of the sample, with the
result representing the cellulose fraction.

Hemicelluloses concentrations were assessed following
the protocol of Schidel et al. (2010) using 50 mg of ground
samples, but replacing the starch enzymatic extraction with
dimethyl sulfoxide 90 % (Carpita & Kanabus 1987). The
free precipitate of soluble sugars and starch was dissolved
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in neutral detergent (sodium tetraborate decahydrate,
ethylendiaminetetra acetic acid-EDTA, sodium dodecyl
sulphate, triethylene glycol, dibasic sodium phosphate, and
deionized water) to extract proteins, low molecular weight
carbohydrates, lipids, and pectins, which were separated
by centrifugation and discarded. The pellet (‘total cell wall
fraction’ containing cellulose, hemicelluloses, and lignin)
was washed (hot deionized water, acetone, and deionized
water), dried overnight, and the dry mass was weighed
on a 0.01 mg scale. Then, the acid detergent (H,SO, and
hexadecyl trimethylammonium bromide) was added to the
pellet, homogenized, boiled for hemicellulose extraction,
centrifuged, and the supernatant containing hemicelluloses
was discarded. The pellet (containing the ‘cellulose and lignin
fraction’) was washed with deionized water and acetone,
dried, and the dry mass was weighed. Total hemicelluloses
concentrations were calculated as the gravimetric difference
between the ‘total cell wall fraction’ and the ‘cellulose and
lignin fraction’.

The extraction and determination of lignin were made
according to the methodology of Dos Santos et al. (2008)
with 150 mg of sample material and reading at 280 nm
using a spectrophotometer (Thermo Scientific GENESYS
10S UV-Vis Spectrophotometer, Massachusetts, USA). After
that, 50 mM potassium-sodium phosphate buffer (pH 7)
was added and the ground samples were centrifuged and the
supernatant discarded. The pellet was washed with different
solutions: 50 mM phosphate buffer (pH 7), Triton® (pH
7), NaCl buffer (pH 7), deionized water and acetone. After
the chemical washes, the pellet was dried representing the
protein-free cell wall fraction, of which 50 mg were weighed
and thioglycolic acid and 2 M HCl were added. The samples
were incubated in a water bath, centrifuged, and washed
with deionized water. Next, 0.5 M NaOH was added, and
the samples were incubated at 30 °C for 18 h while under
constant shaking, centrifuged, and the supernatant was
stored. The pellet was washed with 0.5 M NaOH, centrifuged,
and the supernatant was added to the aforementioned one.
Total supernatant was acidified with HCl and left at 4 °C for
12 h, without shaking, for precipitation. After this time,
the samples were washed with deionized water, centrifuged,
and the supernatant discarded. The precipitate was dried
and resuspended in 0.5 M NaOH. A lignin solution (Sigma”)
was used to construct the standard curve at concentrations
of 0-500 pg pL*.

Plasticity index

The plasticity index (PI) was used to evaluate the
plasticity of the different variables analyzed following
Valladares et al. (2006). The PI was calculated from the
difference between the average maximum and minimum
values for each treatment, divided by the average of the
maximum value. The closer to 1 the value, the higher the
plasticity of the variable.
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Statistical analysis

The experiment was designed as a factorial, with
three morphotypes and two solar irradiance levels (3
x 2). The data were analyzed in InfoStat (https://www.
infostat.com/, InfoStat Group, FCA, National University
of Cérdoba, Argentina) for the homogeneity and normal
distribution analysis using the Levene and Shapiro-Wilk
tests, respectively. Analysis of variance (two-way ANOVA)
was applied, and means were compared using the Tukey’s
test (P < 0.05).

Results

Growth analyses

As expected, the small morphotype (SM) grew more
in height and total dry mass (TDM), presented a higher
relative growth rate (RGR), and a net assimilation rate
(NAR) in the shade, while the medium (MM) and large
morphotypes (LM) did so in the full sun condition (Fig.
1A-D. The three morphotypes allocated more biomass to
the root in the full sun status, indicated by the higher
root:shoot (R:S) ratio under this condition (Fig. 1E). The
full sun condition also raised the leaf mass area (LMA)
of the three morphotypes. Their comparison within each
treatment showed the higher values for height, TDM,
RGR, and NAR were observed for MM and LM, compared
to SM, under the full sun condition (Fig. 1A-D). In this
light intensity, higher values of R:S ratio were observed
in SM and MM compared to LM (Fig. 1E). Yet, under
the full sun condition, the highest value for LMA was
found in MM, which did not vary between the other two
morphotypes (Fig. 1F). In the shade, the height, TDM,
RGR, NAR, and R:S presented the highest values in SM,
showing no differences between MM and LM (Fig. 1A-E).
Under that same condition, the LMA did not show any
difference between the three morphotypes. The MM and
LM exhibited the highest adjustment capacity (plasticity
index-PI) on height, TDM, RGR, and NAR compared to
SM (Tab. 2). Regarding R:S, the MM showed the highest
values for PI compared to the other two morphotypes. The
LMA did not vary among the three morphotypes. Among
the growth variables, TDM and NAR presented the highest
PI values, which approached the maximum value (1.0).

Auxins

The higher stem growth observed in the MM and LM
under the full sun condition was accompanied by high auxin
IAA concentrations under this irradiance (Fig. 2). Contrary
to the expected results, the IAA of the SM showed a higher
value under the full sun. Comparing the three morphotypes
within each treatment, in the full sun condition the IAA
levels found in MM and LM were similar to each other and
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higher than the one reported for SM. In the shade, the SM
presented the highest IAA concentration compared to MM
and LM, which presented similar values. The adjustment
capacity of IAA in the MM and LM were very high, being
close to the maximum PI value (Tab. 2).

Gas exchange and chlorophyll a fluorescence

Similar to growth and IAA, the gas exchange variables
followed the same pattern. Thus, the SM showed the
highest photosynthetic performance in the shade, while
MM and LM did so under the full sun (Fig. 3). The net
carbon assimilation rates-A, intercellular CO, concentration-
Ci, transpiration-E, stomatal conductance-gs, water-use
efficiency-WUE, instantaneous carboxylation efficiency-®c,
and quantum yield of the PSII-Fy/Fy (Fig. 3A-G) of the SM

presented the highest values in the shade while for the
MM and LM the highest values for these variables were
found under the full sun condition. The three morphotypes
presented their highest respiration rates in the dark-Rd
(Fig. 3H) under full sun irradiance. When comparing the
three morphotypes within each treatment, in full sun
condition, the highest values of A, Ci, E, gs, WUE, ®c and
Fy/Fy (Fig. 3A-G) were observed on MM and LM, and of
Rd on SM (Fig. 3H). In the shade, the highest values of A
(Fig. 3A), E, gs, WUE, ®c and Fy/Fy (Fig. 3D-G) occurred in
SM and of Rd values on the MM and LM (Fig. 3H). Yet, in the
shade, the values for Ci (Fig. 3B) did not show any difference
among the three morphotypes. The MM and LM presented
a higher adjustment capacity regarding the variables A, E,
WUE, and @c for contrasting irradiance conditions, while
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Figure 1. Height (A), total dry mass (B), root:shoot (D), LMA (E), RGR (C) and NAR (F) of the small, medium and large morphotypes
of Paubrasilia echinata under full sun and shade. The bars represent the standard error of the mean. The differences between treatments
are indicated by capital letters (A, B), whereas the differences between morphotypes within each treatment are indicated by lower case
letters (a, b) by Tukey’s test (P < 0.05). LMA is leaf mass area, RGR is relative growth rate and NAR is net assimilation rate.
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for SM the highest PI occurred for Fy/Fy and Rd (Tab. 2).
The PI of Ci and gs did not vary significantly among the
three morphotypes.

OFull sun ®Shade

Aa
T
10

Ab

Ba

IAA (mmol g'! DM)

Bb

Medium morphotype

Bb

"

Large morphotype

0 T
Small morphotype

Figure 2. Indol-3-acetic acid (IAA) concentrations in leaf of the
small, medium and large morphotypes of Paubrasilia echinata
under full sun and shade. The bars represent the standard error
of the mean. The differences between treatments are indicated by
capital letters (A, B), whereas the differences between morphotypes
within each treatment are indicated by lower case letters (a, b) by
Tukey’s test (P < 0.05).

Hydrogen peroxide and lipid peroxidation

The highest contents of H,0, and MDA in MM and LM
were observed in the shade condition, while for SM this
result was observed in the full sun (Fig. 4A-B). Comparing
the three morphotypes within each treatment, the SM
presented the highest H,0, and MDA in the full sun. Under
this irradiance, the values of these variables in LM were
higher than MM. In the shade, the MM and LM morphotypes
presented the highest values. Under that irradiance, the
values of these variables did not differ among LM and MM.
Analysing the adjustment capacity of H,O, and MDA to
contrasting irradiance conditions, the SM showed the
highest PI, which approached the maximum value (Tab. 2).
In turn, the PI of these variables was not significantly
different between MM and LM.

Cell wall polymers

Some small differences between treatments occurred
regarding cellulose and hemicelluloses, and more
pronounced differences were found regarding lignin (Fig. 5).
The highest cellulose content was observed in the leaves
of LM in the shaded condition (Fig. 5A) and no differences
were found among the treatments in the leaves of the other

Table 2. Plasticity index of growth, photosynthesis, and biochemical variables of small, medium and large morphotypes of Paubrasilia
echinata plants subjected to contrasting irradiance. TDM is total dry mass, R:S is root:shoot ratio, LMA is leaf mass area, RGR is
relative growth rate, NAR is net assimilation rate, A is net CO, assimilation rate, Ci is internal CO, concentration, E is transpiration,
gs is stomatal conductance to water vapor, WUE is water-use efficiency, ®c is efficiency instantaneous of carboxylation, Fy/Fy is
maximum photochemical yield of PSII, Rd is respiration rate in the dark, IAA is Indol-3-acetic acid, H,0, is hydrogen peroxide, MDA
is malondialdehyde, Cel. is cellulose, Hem. is hemicelluloses and Lig. is Lignin. Different letters in the same line indicate statistically

significant differences by Tukey’s test (P < 0.05).

High
TDM
R:S
LMA
RGR
NAR
A
Ci
E
gs
WUE
dc
Fy/Fu
Rd
TIAA
H,0,
MDA
Cel. leaf

Cel. stem

Category

Growth

Photosynthesis

Hem. leaf
Biochemical
Hem. stem
Lig. leaf

Lig. stem
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0.2¢
0.4>
0.5°
0.6
0.1¢
0.5°
0.4°
0.2
0.2°
0.5
0.2°
0.2°
0.3*
0.6*
0.2°
0.8*
0.8
0.2
0.1
0.2
0.1
0.2
0.1

Morphotypes

0.4° 0.6*
0.9* 0.9
0.7% 0,5°
0.6 0.6
0.4° 0.6*
0.7¢ 0.8
0.6* 0.7%
0.1 0.2
0.4* 0.5°
0.5 0.4
0.3 0.4*
0.6* 0.6*
0.0 0.0°
0.3° 0.1¢
0.8* 0.9*
0.4° 0.3°
0.7 0.6°
0.2 0.3
0.1 0.1~
0.3 0.2
0.1 0.17#
0.3 0.2+
0.1 0.2+
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morphotypes (Fig. 5A) as well as among the stems of all the
three morphotypes (Fig. 5B). The hemicelluloses contents in
the leaves of the three morphotypes did not vary between
the treatments (Fig. 5C). Regarding the stems, the highest
value was observed in the SM in the full sun, while in the
other two morphotypes this result occurred in the shade
(Fig. 5D). Regarding lignin, the full sun stimulated its

deposition on the leaves (Fig. 5E) and on the stems (Fig. 5F)
of the three morphotypes. Comparing the morphotypes
within each treatment, the leaf cellulose levels did not
vary between them in the two conditions (Fig. 5A). In the
stem, the SM showed the highest value in each treatment
(Fig. 5B) when compared to the other morphotypes. For
hemicelluloses, their values in the leaves were higher in LM

O Full sun @ Shade

Aa)

Aa

A (pmol CO, m2s°")

D Full sun B Shade

(E)

Aa

WUE (pmol CO, mmol-! H,0)

Ci (umol CO, mol'! Air)

E (mmol H,0 m-2s°")

Oc (mool arm?s')
>

gs (mol H,0 m-?s°")

Small morphotype  Medium morphotype  Large morphotype

Small morphotype ~ Medium morphotype  Large morphotype

Figure 3. Gas-exchange variables, Fy/Fy and Rd in leaf of the small, medium and large morphotypes of Paubrasilia echinata under full
sun and shade. The bars represent the standard error of the mean. A is net CO, assimilation rate (A), gs is stomatal conductance to water
vapor (D), E is transpiration (C), Ciis internal CO, concentration (B), WUE is water-use efficiency (E), ®c is efficiency instantaneous
of carboxylation (F), Fy/Fy is maximum photochemical yield of PSII (G) and Rd is respiration rate in the dark (H). The differences
between treatments are indicated by capital letters (A, B), whereas the differences between morphotypes within each treatment are

indicated by lower case letters (a, b) by Tukey’s test (P < 0.05).
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under two treatments (Fig. 5C) while in the stem, the MM
and LM stood out for their highest values in both irradiance
conditions (Fig. 5D). Regarding lignin, the content of this
polymer in the leaves did not vary between the morphotypes
within each treatment (Fig. SE). This same response was
observed in the stem of plants in the shade (Fig. 5F). In
the full sun, however, the highest levels of stem lignin
were found in the MM and LM (Fig. 5F). The three cell wall
polymers presented the lowest PI compared to the other
variables (< 0.3) and no significant difference between the
morphotypes (Tab. 2). By qualitatively comparing the plant
organs, the stem of the three morphotypes showed a higher
amount of polymers than the leaves (Fig. 5A-F).

160
O O
(A) Full sun ®Shade
Aa
%120
= Aa
b Aa
g 80 | Bb
3
\: Be
o
f 40
Bb
0 T T
(B) Aa
g 60 Ab
(a]
on Aa
g 40 |
g Bb
<
% 20 Be
Be
0 T

Small morphotype  Medium morphotype Large morphotype

Figure 4. Hydrogen peroxide (H,0,) (A) and malondialdehyde
(MDA) (B) inleaf of the small, medium and large morphotypes of
Paubrasilia echinata under full sun and shade. The bars represent the
standard error of the mean. The differences between treatments
are indicated by capital letters (A, B), whereas the differences
between morphotypes within each treatment are indicated by
lower case letters (a, b) by Tukey’s test (P < 0.05).

Discussion

The highest values of growth (height, total dry mass,
relative growth rate-RGR, and net assimilation rate-NAR)
and net carbon assimilation rates (4) of the SM were found
in the shaded condition, and of the MM were observed in the
full sun, confirming the shade-tolerant habit of the former
morphotype (Mengarda et al. 2009) and the sun-tolerant
habit of the latter (Gama et al. 2019). These results also
reinforce the concept that sun-tolerant and shade-tolerant
species are generally recognized by their higher growth and
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photosynthesis rate under intense and low solar irradiance,
respectively (Finegan 1984; Swaine & Whitmore 1988;
Whitmore 1991).
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Figure 5. Concentrations of cellulose (A, B), hemicelluloses
(C, D) and lignin (E, F) in leaf and stem of the small, medium and
large morphotypes of Paubrasilia echinata under full sun and shade.
The bars represent the standard error of the mean. The differences
between treatments are indicated by capital letters (A, B), whereas
the differences between morphotypes within each treatment are
indicated by lower case letters (a, b) by Tukey’s test (P < 0.05).
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The higher adjustment capacity (plasticity index-PI) of
growth and A of the sun-tolerant morphotypes compared
to the shade-tolerant one reinforces the tendency of the
pioneers (sun-tolerant) to exhibit a higher adjustment
capacity compared to non-pioneer (shade-tolerant) tropical
species (Portes et al. 2010; Souza & Vilio 2003; Valladares
et al. 2000). Differently than expected, it seems that the
lower adjustment capacity of the shade-tolerant morphotype
did not prevent its wide geographic distribution along the
southeastern and northeastern coasts of Brazil, estimated
at 3,000 km (Juchum et al. 2008). In contrast, the higher
adjustment capacity of growth and A parameters for the
two sun-tolerant morphotypes under contrasting solar
irradiances limited the occurrence of these morphotypes
to the coast of the states of Rio de Janeiro, Espirito Santo,
and Bahia, estimated in approximately 1,960 km, and the
restriction of the large morphotype to the southeastern
region of Bahia (Juchum et al. 2008). Therefore, the
large geographical distribution of pioneer species (sun-
tolerant) explained by their higher adjustment capacity
(Whitmore 1991) does not seem to apply to the sun-tolerant
morphotypes. The geographical distribution of the sun
and shade-tolerant morphotypes of P. echinata is likely
determined by unknown processes of germination and
seedling establishment. However, one should be careful
not to extrapolate the results obtained in the juvenile stage
to the adult one (Souza & Valio 2003) due to the deep
morphological and physiological changes that take place in
the ontogeny of P. echinata from the initial growth phase
to the adult stage (Zani et al. 2017).

The strongly limited growth of the two sun-tolerant
morphotypes in the shade condition was apparently
associated with the auxin concentration. It is well known
that different types of stress, including low light intensity,
can block the signalling of the genes involved in the
synthesis of growth hormones like auxins (Kurepin et al.
2007). Thus, the strong growth inhibition of the two sun-
tolerant morphotypes in the shade seems to be a direct
result of the very low levels of auxin-IAA in this light limiting
condition. The significant reduction of the amount of [AA
in the sun-tolerant morphotypes under shaded conditions
might have affected the cell expansion by inhibiting the
enzymatic hydrolysis of hemicelluloses and, consequently,
stem elongation (Sofo et al. 2004; Baroniya et al. 2014;
Kataria et al. 2014). Thus, the more intense oxidative
stress in sun-tolerant morphotypes in shaded conditions
might have affected the IAA concentration, resulting in
intense inhibition of the stem axial growth under low solar
irradiance. Different than expected, the limited growth of
the shade-tolerant morphotype in the full sun condition was
not accompanied by a decrease in IAA concentration in this
growth inhibitory irradiance. Possibly, the modest inhibition
of growth in the shade-tolerant morphotype in the full
sun environment to be the result of the photosynthesis

ActaBotanicaBrasilica-35(4):670-682.October-December2021

inhibition and increase of oxidant reactions in this light-
inhibiting condition, as discussed later.

Even with the differences in growth between the
shade-tolerant and the sun-tolerant morphotypes under
contrasting solar irradiances, the root:shoot (R:S) ratio
of the three morphotypes under the full sun condition
was higher than in the shade. The higher investment in
the root system at the expense of the shoot is one of the
adaptive strategies adopted in response to the increase of
solar irradiance intensity (Lambers et al. 2008). Similar to
the biomass allocation between roots and shoots, the three
morphotypes showed a similar adaptive strategy for leaf
morphology. All the three morphotypes invested in the leaf
blade thickening in the full sun condition, indicated by the
high leaf mass area (LMA). The increase in LMA represents
one of the tropical tree responses to the high intensity of
solar irradiance during the early growth, increasing the
resistance to water loss and to photo-oxidative damages,
regardless of the successional class (Souza & Vilio 2003).

The highest A values for SM under the shade and for
MM in the full sun condition confirmed the tolerance of
the first morphotype to the shade (Mengarda et al. 2009)
and of the latter morphotype to full sun (Gama et al. 2019).
The inhibition of A in SM in the full sun condition, and of
MM and LM in the shade can be explained by the oxidative
action of free radicals on the RuBisCO pathway under these
stress conditions (Thach et al. 2007). In the inhibitory solar
irradiances typical of each morphotype, the high content
of H,0, apparently stimulated the lipid peroxidation of
membranes, indicated by an increase in the content of
aldehydes such as malondialdehyde (MDA), often used as
an indicator of oxidative damage (Amin et al. 2009). Thus,
under stress like high and low solar irradiance, H,0, may
destabilize several proteins through the oxidation of the
cysteine group (Megller et al. 2007), as must have occurred
with RuBisCO in the shade-tolerant morphotype under the
full sun condition and in the sun-tolerant morphotypes
in the shade, as suggested by the higher contents of
H,0, and MDA under these inhibitory solar irradiances.
At more severe levels, the lipid peroxidation may affect
the membrane integrity, impairing the functioning of
the cell due to the loss of electrolytes, rapid desiccation,
and cell death (Halliwell 2006). In this respect, it seems
that the shade-tolerant morphotypes were more sensitive
to the stressful solar irradiance than the sun-tolerant
morphotypes. This may be confirmed by the high PI of the
oxidative metabolism variables and the highest energy
consumption for SM, as suggested by the highest respiration
in the dark-Rd compared to the other morphotypes in the
full sun condition. The A inhibition of the morphotypes in
photo-inhibitory treatment can also be explained by the
lower photochemical efficiency of photosystem II (Fy/Fy).
Thus, the photo-inhibitory conditions may have affected the
fluorescence of chlorophyll q, and, consequently, limited the
reducing power required for CO, fixation in the RuBisCO
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pathway, in the three morphotypes, under these stress
conditions (Gama et al. 2019) as suggested by the lower
intercellular CO, concentration-Ci and instantaneous rate
of carboxylation (®c) of SM under the full sun condition,
and of MM and LM in the shade.

Still considering the relation between photosynthesis
and oxidative stress, the lower stomatal conductance (gs)
of the sun-tolerant morphotypes under shade, and of the
shade-tolerant plants under full sun can be attributed to
the higher H,0, concentrations under these conditions.
The accumulation of H,0O, promotes the opening of calcium
channels on the membrane of the guard cells, leading to
stomatal closure (Pel et al. 2000) and decline of gs, since it
should have occurred with the sun-tolerant morphotypes
under shade conditions, and with the shade-tolerant
plants under full sun. Consequently, less water was lost
to transpiration (E) by the sun-tolerant morphotypes in
the shade, and by the shade-tolerant ones under full sun.
This resulted in the low water-use efficiency (WUE) and
in the inhibition of A and biomass production of the two
sun-tolerant morphotypes in the shade, and in the shade-
tolerant morphotype under full sun. These results are
consistent with the information that tropical pioneer species
(sun-tolerant) are more efficient in WUE than non-pioneer
ones (shade-tolerant) in highly illuminated environments
(Siegert & Levia 2011).

Considering that most of the photo-assimilated CO,
enters the route of the cell wall polymers-CWP synthesis
(Hartmann & Trumbore 2016), higher levels of these
compounds were expected in the photo-promoted condition
of each morphotype. However, the opposite effect was
observed for stem hemicelluloses. This response seems
to be related to the morphotype habits. The decline in
stem hemicelluloses in photo-promoted condition may
be indicative of cell wall loosening and cell expansion
(Sasidharan et al. 2014), which may have contributed to the
stem lengthening of the SM in the shade and of the other
two morphotypes in the full sun condition. The decreased
level of hemicelluloses in the stem of the shade-tolerant
morphotype under shade conditions suggests an inhibitory
effect of the low oxidative metabolism (¥ H,0, and MDA,
Fig. 6) of this irradiance on hemicellulose hydrolysis (Le Gall
et al. 2015). The same effects might have occurred in the
sun-tolerant morphotypes under full sun conditions (Fig.
6). The lack of difference in the levels of leaf cellulose and
hemicelluloses levels between the treatments in the three
morphotypes might be due to the low proportion of these
compounds in these structures, as observed by Macieira
et al. (2020) in pioneer (sun-tolerant) and non-pioneer
(shade-tolerant) tropical tree species. The similarity in
the cellulose content of the three morphotypes exposed
to contrasting irradiances confirms the resilience of this
polymer to variations in light intensity (Le Gall et al. 2015).
The higher deposition of lignin in the three morphotypes
under full sun conditions confirms the positive relationship
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between this CWP and the irradiance intensity in plant
tissues (Cabané et al. 2012), in which the CWP acts as a
barrier to heating associated with higher irradiance (Akgul
etal. 2007). The higher stem lignification of MM and LM in
the full sun compared to the SM, seems to be a characteristic
of the heliophile habit of those first morphotypes. In this
sense, the higher stem lignification of the full sun-tolerant
morphotypes likely favored the water transport in the
vessels due to the hydrophilic property of lignin (Novaes
et al. 2010). This possibility is supported by the higher
WUE among the morphotypes under the full sun condition
compared to the shade-tolerant morphotype under this
irradiance regime.

Sun-tolerant
morphotypes
under full-sun

Shade-tolerant
morphotype
under shade

vAg
- B

J Hemicelluloses
stem

A Cell wall

elongation loosening stem (?)
Figure 6. Mechanisms of morphological and physiological
reactions of the shade-tolerant ecotype and sun-tolerant ecotypes
of Paubrasilia echinata under photo-promoter conditions of each
morphotype.

We conclude that the shade-tolerant and sun-tolerant
morphotypes of P. echinata showed consistent morphological
and physiological responses in contrasting solar irradiances
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(Fig. 6). The results validated the hypothesis that the
growth and photosynthesis of SM (shade-tolerant) were
inhibited under the full sun condition, and the MM and
LM (sun-tolerant) in the shade, in which the oxidative
reactions, indicated by the H,0, and MDA contents were
higher. The hypothesis of auxin content of the MM and LM
to be inhibited under shade was also accepted. However,
this hypothesis was rejected for the SM (shade-tolerant
morphotype) when exposed to the full sun condition that
inhibited its growth. The hypothesis that CWP are stimulated
by the photo-promoter condition of each morphotype was
also rejected, although the decline in stem hemicelluloses
under photo-promoted condition may have contributed
to the stem lengthening of the SM in the shade and of the
other two morphotypes under full sun. The higher stem
lignification of the MM and LM under full sun compared
to the SM seems to be a characteristic of the heliophile
habit of those first morphotypes. This study revealed
the integration of oxidative reactions and hemicelluloses
with these two functional classes of plants; therefore, it
has contributed to advances in the understanding of the
physiological mechanisms of tropical trees tolerant to
shade and full sunlight. In this sense, the lower oxidant
metabolism favors the loosening of the cell wall (lower
hemicelluloses content) of the three morphotypes in the
photo-promoter treatments, and this process, mediated
or not by the greater expression IAA, seems to represent
an essential part of the tolerance mechanism of P. echinata
morphotypes to shade and full sunlight (Fig. 6).

The success of the shade-tolerant and of the sun-tolerant
morphotypes under solar irradiance seems to be due to
an efficient antioxidative system of SM in the shade, and
MM and LM in the full sun. This resulted in higher A,
photochemical efficiency, and growth under solar irradiance.
Moreover, there is a high IAA content of sun-tolerant
and shade-tolerant morphotypes under full irradiance.
This information shows the importance of performing a
molecular investigation of the morphotypes in order to allow
their taxonomic separation of the SM (shade-tolerant) from
the MM and LM (sun-tolerant). This conclusion supports
the studies of Juchum et al. (2008) and Gagnon et al.
(2016), which claimed that P. echinata in fact designates a
species complex, and that in the future, these morphotypes
will likely be classified in subspecific taxa or even in new
species within the genus Paubrasilia. The morphological
and physiological differences between the morphotypes
of P. echinata (Fig. 6) suggest that this biological material
is indicated as a good model for ecophysiological studies
of shade-tolerant and sun-tolerant tropical trees under
contrasting solar irradiances or under other microclimatic
conditions such as rising of temperature, CO,, and UV-B;
flooding; and drought for potential scenarios of climatic
changes for the Brazilian tropical forests in the next 50
years (IPCC 2014).
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