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ABSTRACT. The tree species Parapiptadenia rigida, native to southern
South America, is frequently used in reforestation of riverbanks in Brazil.
This tree is also a source of gums, tannins and essential oils, and it has some
medicinal uses. We investigated flooding tolerance and genetic diversity in
two populations of P, rigida; one of them was naturally exposed to flooding.
Plants derived from seeds collected from each population were submitted
to variable periods of experimental waterlogging and submergence.
Waterlogging promoted a decrease in biomass and structural adjustments,
such as superficial roots with aerenchyma and hypertrophied lenticels,
that contribute to increase atmospheric oxygen intake. Plants that were
submerged had an even greater reduction in biomass and a high mortality
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rate (40%). The two populations varied significantly in their RAPD
marker profiles, in their ability to produce aerenchyma when waterlogged
and to survive when submerged, suggesting ecotypic differentiation
between them. Hence, the seasonal flooding that has been challenging the
tropical riparian forest appears to be genetically modifying the P, rigida
populations exposed to it by selecting individuals with increased ability to
live under this condition.

Key words: Waterlogging; Submergence; Parapiptadenia rigida;
Genetic diversity; RAPD; Local adaptation

INTRODUCTION

Flooding and subsequent submergence of vegetation in tropical rivers is a common
phenomenon (Fernandez, 2006). Flooding constitutes a limiting factor to plant growth and
survival. This is largely due to reduced gas exchange between plants and the rhizosphere dur-
ing partial submergence, leading to decline in molecular O, and to restriction of ATP synthesis
and carbohydrate resources (Kozlowsky, 1984; Bailey-Serres and Voesenek, 2008). Complete
submergence has an even greater effect on plants and is therefore a stronger constraint. Totally
submerged plants have no direct contact with atmospheric oxygen, and sunlight is weak or ex-
tinguished. Floodwaters have high levels of sediment deposition, which increases the severity
of hypoxia and harms leaf photosynthesis below water by imposing turbidity and depositing
sediments on the leaf surfaces; these remain after the floodwater recedes (Parolin, 2009).

In order to survive in an inundated environment with deep or ephemeral floods, some
species use a tolerant quiescence strategy characterized by limited underwater growth and con-
servation of energy and carbohydrates. Other species use the low oxygen escape syndrome
(LOES), an avoidance strategy that facilitates the survival of submerged organs through the de-
velopment of anatomical and morphological traits (Bailey-Serres and Voesenek, 2008). Some
of these traits are frequently developed by tree species living at the borders of tropical rivers.
They include aerenchyma formation (Kolb et al., 1998; Medri et al., 2007), adventitious root-
ing (Kolb et al., 1998; Batista et al., 2008), superficial rooting (Kolb et al., 1998; Davanso et
al., 2003), stem lenticel hypertrophy (Kolb et al., 1998; Santiago and Paoli, 2003; Medri et al.,
1998, 2007; Batista et al., 2008), and the opening of fissures at the base of the stems (Davanso
etal., 2003). These traits facilitate inward diffusion of CO, and O, and reduce resistance against
internal gas diffusion, thereby improving underwater photosynthesis and aerobic metabolism.
LOES can also lead to increased elongation of petioles, stems, and leaves upon complete sub-
mergence, restoring the contact between leaves and air (Bailey-Serres and Voesenek, 2008).

Differences in inundation intensity in populations distributed in a gradient of soil hu-
midity at river margins can provoke intraspecific variation in flooding tolerance. Some stud-
ies have indicated genetic variation within species in morphological and physiological traits
involved in the plants’ ability to cope with flooding stress (Chan and Burton, 1992; Lenssen
et al., 2004; Ferreira et al., 2007; De Carvalho et al., 2008). Flooding episodes could select
genotypes more adapted to tolerate or avoid this stress, resulting in increased genetic diversity
between populations and local adaptation. However, genetic differentiation in physiological
and morphological traits can only be attributed to local adaptation if there is also differentia-
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tion in fitness responses to flooding and if the effects of these traits on fitness differ between
flooding environments (Lenssen et al., 2004). Unfortunately, it is hard to estimate fitness in
arboreal species, mainly because of their long life cycles. Nevertheless, differences in survival
ability due to different genotypes can quickly change allele frequencies in a population, indi-
cating a potential for selection.

Parapiptadenia rigida is a tree species that is widely spread throughout the Atlantic
forest in Brazil, Paraguay, Uruguay, and Argentina, and it is frequently used in reforestation
programs of riparian forests due to its ability to support flooding stress. This species is distrib-
uted both in low-elevation riverside habitats, where it faces flooding episodes, and in high-
elevation habitats. We investigated the strategy used by this species to live along river borders
and the role of flooding and submergence in selecting P. rigida genotypes more adapted to
handle this condition. We addressed the following questions in this study: a) Does P. rigida de-
velop morphological, anatomical and growing adjustments to cope with flooding and submer-
gence? b) Can intensified inundation affect the survival of this species? c) Is there sufficient
genetic diversity between populations to indicate different genotypes in these populations?
If so, d) Are there differences in morphological traits, growing and survival ability between
populations that demonstrate a potential for inundation selection acting on this species?

MATERIAL AND METHODS
Study species

Parapiptadenia rigida Benth. Brennan (Mimosaceae) is a pioneer tree commonly
known in Brazil as “angico-vermelho” and “gurucaia”. Gum, essential oils, and tannin are
extracted from this tree; the latter two have medicinal uses. The wood is dense and resistant
to the elements and termites, being frequently used in construction. This species is open pol-
linated, blooming from November to December, and seed pods ripen mainly between July and
August of the following year (Lorenzi, 1992).

Study area

The study area is a fragment of riparian forest alongside Tibagi River, in the State
of Parand, in southern Brazil (23°16°S, 50°59°W). In January and December this river often
overflows. At this time, young plants of P. rigida are 4 to 7 months old and face periods of
soil flooding and submersion. Given the topography of the study area, plants located at low
elevation riverside areas are frequently exposed to inundation, whereas plants located nearby
high elevation areas are not exposed to inundation. This allowed us to divide a ~600 x 250-m
area, occupied by adult individuals, into two populations: naturally exposed and unexposed to
inundation. Forty-four individuals having mature fruit, 22 from each population, were selected
for the study. They were sampled for seeds and leaves.

Plant material

Seeds from the two populations were germinated in plastic tubes with 700 g wet substra-
tum (80% soil; 20% mixture of grated grass, lime and coffee powder) in a nursery. Two months
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later, the plants were transferred to 4-L plastic pots with soil and sand (3:1, respectively) and left
to grow and acclimate for 2 months in a greenhouse (25°C, 80% moisture, 14 h of sunlight). Af-
ter acclimation, young plants from both populations were subjected to the following conditions:
drained (D), flooded (F), and submerged (S). Drained conditions were obtained by watering the
plants once a day in order to keep the soil humid. Flooded conditions were achieved by sealing
the pots to avoid water leakage and watering them twice a day in order to keep the water level 5
cm above the soil surface. For the submersion condition, pots with plants were totally submerged
in a container filled with running water. These conditions were maintained for different time
spans, as explained below. In each analysis, each trial contained 20 plants, 10 from the popula-
tion naturally exposed to inundation, and 10 from the population unexposed to inundation.

Anatomy analysis

To test the ability of the two populations to adapt anatomically when inundated, young
plants were kept for 30 days under two conditions: D or F (Figure 1). A previous experiment
showed that the submergence condition does not significantly change the internal structure of the
existing roots and the stem of P. rigida (Medri ME, unpublished results); it does not induce the
development of new roots either, so this condition was not applied to this analysis. Transverse
sections of new secondary roots and longitudinal segments of the base of the stems were cut 10-
12 pum thick with a microtome and stained with astra blue and basic fuchsin. The radius of the
central cylinder, cortex thickness, diameter and number of cortical cell layers, and cortical poros-
ity were evaluated in roots and stems. The porosity was analyzed as follows. Images of 10 sec-
tions of each plant were reproduced using a microscope adapted to a tube for image projection
(Zeiss 451465). Photomicroscope images were 200-fold enlarged, allowing individualization of
cells and intercellular spaces. The images printed on uniform paper (75 g/m?) were divided into
sections representing cells and sections representing intercellular spaces. The dry weight of the
two parts was used for the calculation of intercellular space percentage (porosity).

Growth analysis

The ability of young plants to grow under inundation was tested by comparing the
dry mass of individuals grown for 30 days under the three conditions: D, F and S (Figure 1).
Initial biomass was recorded prior to the flooding experiment and was used in the calculation
of the relative growth rate (RGR). RGR was measured as the change in dry weight using the
formula: RGR = 1000 x [In(DWt ) - In(DWt,)] / (t, - t,) mg/day, where DW is the dry weight
of the component at time t.

Morphology and survival analyses

To investigate the effects of different regimens of inundation on the external morphol-
ogy and the survival capability of plants from the two populations, individuals were kept for 30
days under one of three conditions: D, F, or S (Figure 1). Natural inundation periods in the study
area are typically shorter than 30 days. We also conducted inundation treatments for 60 days:
continuously drained (DD), flooded for 30 days, followed by drained for an additional 30 days
(FD), flooded for 30 days, followed by submerged for an additional 30 days (FS), and continu-
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ously flooded (FF) (Figure 1). The FS condition simulates an intensification of flooding during
the inundation period, resulting in the submergence of young plants, while FD simulates a situa-
tion where flooding begins and then stops. The re-aeration of flooded soil was accomplished by
unsealing the pots and allowing the soil to return naturally to a drained condition. As there was
no previous information on the responses of tree species to submersion, because of local obser-
vations of tolerance of P, rigida to this type of stress, and because the analyses performed in all
treatments were destructive, we added a 30-day re-aeration period to the FS test, consequently
testing the ability of the trees to recover from this injury. The treatments sustained for 90 days
were: continuously drained (DDD), and flooding for 30 days, followed by submerged for an
additional 30 days, followed by draining for a further 30 days (FSD) (Figure 1).

The length of roots and stems, diameter at the base of stem, percentage foliar abscis-
sion, and number of hypertrophied lenticels, adventitious roots, superficial roots, and new
leaves were evaluated in this essay.
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Figure 1. Experimental design of treatments comparing flooding tolerance between the two populations of
Parapiptadenia rigida (exposed and unexposed to flooding). Horizontal lines indicate draining condition, open
bars indicate the flooding condition, and filled bars indicate the submergence condition. In each treatment, an initial
horizontal line represents the 2-month acclimation period. 30-day treatments = R (reference of initial biomass
for the calculation of RGR), D (draining), F (flooding), and S (submerged); 60-day treatments = DD (continuous
draining), FF (continuous flooding), FD (30 days on flooding + 30 days on draining), FS (30 days on flooding + 30
days on submergence), and 90-day treatments = DDD (continuous draining), and FSD (30 days flooding + 30 days
submergence + 30 days draining). The types of analyses performed for each treatment are shown on the left. RGR
= relative growth rate.

Genetic analysis

Total DNA of young leaves of 22 individuals from each population (exposed and unex-
posed to inundation) was isolated following the method described by Doyle and Doyle (1987).
DNA concentration was estimated using a fluorometer (DyNA Quant 200, Hoefer-Pharmacia),
according to manufacturer instructions. Polymerase chain reactions (PCR) and DNA amplifica-
tion were performed using the parameters described in Silveira et al. (2003). Fragments generated
by amplification were separated on 1.4% agarose gels in 1X TAE (40 mM Tris-acetate, 1 mM
EDTA, pH 8.0) buffer, stained with ethidium bromide, visualized under UV light, and photo-
graphed using a video camera (Cohu, High Performance CCD Camera). Eighty random amplified
polymorphic DNA (RAPD) primers (Operon Technologies) were tested for polymorphism.
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Amplification products were scored as binary characters (present/absent). Since P
rigida is a cross-pollinated species, it is assumed that genotype information could be missing
due to the dominance of RAPDs, consequently causing a biased estimation of null-allele fre-
quency when the null homozygotes are rare within populations (Lynch and Milligan, 1994).
To minimize this problem, two sets of data were submitted to analysis: a) the total number of
markers and b) the markers with frequencies lower than 1 - [3 / N], where N is the number of
sampled plants, as suggested by Lynch and Milligan (1994).

Statistical analysis

Analysis of variance (ANOVA) and the Tukey test, at 5% significance, were applied
to growth, anatomy and morphology data using the System of Statistical Analysis (SAS, 1990)
program. For morphology data, the statistical analysis was run on the three sets of treatments:
30, 60, and 90 days.

Analysis of molecular variance (AMOVA, Excoffier et al., 1992), defined for RAPDs by
Huff et al. (1993), was applied to estimate the distribution of genetic variation within and between
populations through the ¢-statistic, using the Arlequin v. 1.1 software (Schneider et al., 1997).

RESULTS

Parapiptadenia rigida saplings exposed to flooding had no alterations in stem anatomy,
but root anatomy was strongly affected (Table 1). Flooding caused a decrease in the radius of the
root central cylinder and an increase in the thickness of the cortex (Table 1). Both, the number of
cortical cell layers and the diameter of cortical cells rose significantly after flooding, increasing root
cortical porosity (Table 1, Figure 2). Aerenchyma, identified in the uppermost of recently formed
secondary roots, did not show cellular residues. Root anatomy also changed differently in the popu-
lations after flooding. The thickness of the cortex, diameter of cortical cells and cortical porosity
were higher in plants from the population naturally exposed to inundation (Table 2). This was the
first result indicating an inherent difference between the populations.

Biomass increment in P. rigida young trees was significantly affected by flooding
and submergence. In all parts of the plants, roots, stems and leaves, relative growth rate
decreased during submergence (Table 1). The length of P. rigida roots and stems decreased
under flooding and submergence (Table 1). The reduction in the length of the stem was
more pronounced when plants were subjected to 30 days of submergence than to 30 days
of flooding (Table 1). Re-aeration, accomplished in FD, stimulated the recovery of root
length (Table 1). The diameter at the base of the stem reached the highest values under
treatments involving flooding, and the lowest values under some of the treatments involving
submergence, including S and FSD (Table 1). Submergence in the S, FS, and FSD treat-
ments caused foliar abscission in P. rigida plants, whereas flooding (F, FF, and FD) did not
affect this parameter (Table 1). Conversely, hypertrophied lenticels were markedly induced
on the third day following the onset of flooding (F, FF, and FD; Table 1). Generally, the
hypertrophied lenticels were relatively unindividualized, forming masses of spongy tissue
around the stem base (Figure 3). The fragility of this tissue, combined with higher volume,
and consequently higher water pressure during the 30-day submergence periods in the FS
and FSD treatments led to loss of hypertrophied lenticels (Table 1).
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Table 1. Growth, anatomy, and morphology of young Parapiptadenia rigida trees under different treatments.

Analysis Parameters D F S DD FF FD FS DDD FSD
Growth Root RGR (mg/day) 25.24¢ 10.44°  -0.65° - - - -
Stem RGR (mg/day) 2726* 2648 297 - - - -
Leaf RGR (mg/day) 25.05° 16.38> -19.72¢ - - - -
Total RGR (mg/day) 2575*  18.32° -19.68° - - - -
Anatomy Radius of the stem central cylinder (um) 142.47*  131.84 - - - - -
Thickness of stem cortex (um) 202.03*  183.76* - - - - -
Number of cortical cell layers in the stem (N) 26.19*  31.56" - - - - -
Diameter of the stem cortical cells (um) 20.13¢ 17.39* - - - - -
Stem porosity (%) 4 420 - - - - -
Radius the root central cylinder (pum) 116.12¢ 84.77° - - - - -
Thickness of root cortex (pm) 107.26"  199.15° - - - - -
Number of cortical cell layers in the root (N) 7.76" 10.13° - - - - -
Diameter of root cortical cells (um) 20.06°  26.94 - - - - -
Root porosity (%) 4.95° 8.26° - - - - - - -
Morphology ~ Root length (cm) 53.6 32.0°  26.1°  46.70  33.43¢ 39.15%  30.43¢  50.81¢ 34.83"
Stem length (cm) 424 33.9° 255 69.34 41.18% 41985  40.43%  64.70¢ 4457
Diameter at the base of stem (cm) 0.47° 0.97*  0.36° 0.59% 1.814 1.574 0.71% 1.73¢ 1.08"
Foliar abscission (%) 12.3° 1.9 32.3¢ 17.7% 24.58 18.6% 1004 324" 1007
Hypertrophied lenticels (N) 0° 101.1* 0° 0c 150.60* 116.26% 0¢ 0 0
Adventitious roots (N) 0 0° 0 (i 0.34 (I (I 0¢ 0
Superficial roots (N) 0° 041*  0° 08 4.877 (I 0 0 0
New leaves (N) 2.58 1.96*  0¢ 6.03* 3.58 3.358 0c¢ 8.57¢ 5.17

30-day treatments = D (draining), F (flooding), S (submerged); 60-day treatments = DD (continuous draining), FD
(30 days flooding + 30 days draining), FS (30 days flooding + 30 days submerged), FF (continuous flooding); 90-
day treatments = DDD (continuous draining), and FSD (30 days flooding + 30 days submerged + 30 days draining).
Means with different letters are significantly different according to the Tukey test (P < 0.05). Lowercase letters
compare means of the 30-day treatments, uppercase letters compare means of 60-day treatments, and italic letters
compare means of the 90-day treatments. RGR = relative growth rate. Foliar abscission was 100% in FS. Thus, all
leaves in FSD were considered new leaves.

Table 2. Anatomical and morphological parameters showing significant differences between populations exposed
and unexposed to flooding.

Analysis Parameters Population
Exposed to flooding Unexposed to flooding
Anatomy Root porosity (%) 7.89* 5.31°
Diameter of root cortical cells (m) 25.27° 21.53%
Thickness of the cortex (um) 169.88* 134.68°
Morphology Number of new leaves (N) 1.6° 8.7°
(90-day treatments) Survivorship (%) 50%* 10%"

Means with different letters are significantly different according to the Tukey test (P < 0.05).

Adventitious rooting was poorly developed by P. rigida plants. Only the intensi-
fied flooding condition (FF) induced the development of these roots from the non-wa-
terlogged part of the stem (Table 1). A few superficial roots were observed after 30 days
of flooding (F), and several of them were developed after intense flooding (FF; Table 1).
These secondary roots were distributed above the soil, close to the water surface, and they
were thicker than the adventitious roots (Figure 3).
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Figure 2. Anatomy of stem base and root segments of Parapiptadenia rigida saplings grown under flooding
conditions. A. Cortex and epidermis of a plant grown under draining conditions for 30 days (D treatment). B.
Cortex and epidermis of a plant grown under flooding conditions for 30 days (F treatment), evidencing lenticel
hypertrophy. C. Root section of a plant grown under draining conditions for 30 days (D treatment). D. Root section
of a plant grown under flooding conditions for 30 days (F treatment). Ep = epidermis; Cp = cortical parenchyma;
HI = hypertrophied lenticel; Cc = central cylinder; Is = intercellular space.

Figure 3. Morphology of Parapiptadenia rigida saplings developed under varying intensities of flooding and
submergence. A. Plant grown under draining conditions for 30 days (D treatment). B. Plant grown under flooding
conditions for 30 days (F treatment), showing hypertrophied lenticels. C. Hypertrophied lenticels of a plant grown
under F treatment. D. Plant grown under flooding for 60 days (FF treatment), showing superficial roots. E. Stem
base of a plant grown under FF treatment, showing adventitious roots.

Flooding and submergence had considerable influence on the growth of new leaves.
Flooding in the F, FF, and FD treatments led to significant reductions in the number of new
leaves (Table 1). Submergence reduced the production of leaves (Table 1). Indeed, the FS treat-
ment injured P, rigida plants, resulting in thin, non-suberized, apparently lifeless stems, with no
leaves and a damaged root system. However, the re-aeration period of 30 days, in the FSD treat-
ment, induced resumption of leaf growth on 60% of the plants; the remaining 40% died (Figure
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4). Among the recovered plants, 50% were from the population naturally exposed to flooding,
while only 10% were from the population unexposed to flooding, resulting in significant differ-
ences between the populations in the number of new leaves for plants in the 90-day treatments
(Table 2). This was the clearest indication of an adaptive difference between the two populations.

Nineteen randomly selected RAPD primers were used in PCR. These primers gen-
erated 174 reproducible amplification products, with a mean of 9.16 markers per primer;
160 were polymorphic products. Among these amplified products, 23% exhibited fre-
quencies between 0.863 and 1.0. These markers were eliminated from AMOVA, when the
Lynch and Milligan (1994) criterion was followed. AMOVA applied to the total markers
and to those within the range of frequencies suggested by Lynch and Milligan revealed the
same pattern in the distribution of genetic variation. The ¢ values for these two analyses
were 0.0627 and 0.0509, respectively, which demonstrates significant genetic diversity
between populations (Table 3).

Figure 4. Morphology of Parapiptadenia rigida saplings developed under FSD treatment (30 days on flooding +
30 days on submergence + 30 days on draining). Plant on the left, derived from the population exposed to flooding,

recovered leaf growth during the re-aeration period of FSD. Plant on the right, derived from the population
unexposed to flooding, did not recover leaf growth and died.

Table 3. Analysis of molecular variance (AMOVA) within and between the two populations of Parapiptadenia
rigida (exposed and unexposed to flooding).

Analysis Source of variation d.f. Sum of squares C.V. Variance %

Total markers Between populations 1 57.47 1.56 6.27*
Within population 42 976.86 23.26 93.73

L&M Between populations 1 44.25 1.09 5.09%
Within population 42 852.86 20.31 94.91

The analysis is based on the total number of markers and on those markers that followed the Lynch and Milligan
(1994) criterion (L & M). d.f. = degrees of freedom; C.V. = coefficient of variation.*P < 0.001; levels of significance
are based on 1023 permutations.
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DISCUSSION
Responses to flooding and submergence

It is widely recognized that some inundation-tolerant plants avoid low-oxygen stress
by developing certain anatomical and morphological traits, in a strategy known as LOES
(Bailey-Serres and Voesenek, 2008). P. rigida plants subjected to flooding developed hyper-
trophied lenticels, superficial and adventitious roots, and root aecrenchyma (Table 2, Figures 2
and 3). Development of hypertrophied lenticels was the most prominent response of P. rigida
to flooding (Figure 3). Given their prompt formation and the abundance of hypertrophied cor-
tical tissue, this are believed to constitute an adaptation of this species to survive in the highly
humid soil of river banks. The distribution of this character was uneven, suggesting that it has
long been selected in this species. Hypertrophied lenticels are involved in gas exchange be-
tween the atmosphere and the intercellular spaces of stems and roots, providing a channel for
elimination of metabolites produced by aerobic respiration (Tsukahara and Kozlowski, 1985).
This character is frequently associated with flooding tolerance in tree species (Parolin, 2002;
Kolb et al., 2002; Lopez and Kursar, 1999, 2003; Mielke et al., 2005).

The aerenchyma was developed in the root cortex of all P. rigida saplings subjected
to flooding. Given the absence of cellular residues and the alterations observed in cell dimen-
sions (Figure 2, Table 2), it is presumed to have a schizogenous origin. Aerenchyma facilitates
gas transfer to the root system by lowering the resistance that hampers gas diffusion and
mass flow within organs (Coutts and Armstrong, 1976; Bailey-Serres and Voesenek, 2008).
As observed for hypertrophied lenticels, root porosity was uniformly distributed, suggesting
that it is an ancient adaptation to survive in the riparian forest. Aerenchyma was detected in
the recently formed secondary roots that developed from a region of the main root close to the
water surface in the flooded pots. The higher oxygen concentration in this region combined
with a system of interconnected channels could transport oxygen to the root tip. Although
oxygenation of the rizhosphere was not experimentally tested, it is possible to assume that the
aerenchyma is effective in providing gas transport through the roots, since anatomically the
roots were healthy, even though they were partially submerged.

Flooding caused an increase in the base of the stem (Table 1), which is generally a
consequence of aerenchyma formation in this organ (Yamamoto, 1992; Terazawa and Kiku-
zawa, 1994; Pimenta et al., 1996; Medri et al., 2002). However, for P. rigida, the diameter at
the base of stem was enlarged as a result of lenticel hypertrophy, since there were no aeren-
chyma in the stem tissue, and the anatomical analyses showed no alterations in the thickness
of cortex and central cylinder.

Adventitious and superficial roots were well developed in P. rigida under flooding, but
not under submergence (Figure 3). This makes sense, since their advantage is their contact with
atmospheric O,, which is difficult when the plant is completely submerged. Superficial and ad-
ventitial rooting occurred only under the intensified flooding condition (60 days), indicating that
they are not among the primary adjustments of P, rigida to facilitate oxygen support to the root
system. Furthermore, they were developed in only a few individuals, evidencing polymorphism
in the population for this character. Although the importance of adventitious roots for the adaption
of P, rigida to a riparian habitat is not clear, they are commonly observed in plant species as a
consequence of flooding (Huang et al., 1997; Schmull and Thomas, 2000). However, superficial
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roots had been described for few tropical tree species (Davanso et al., 2003; Mano et al., 2006).

Flooding induced a significant decrease in biomass accumulation, in the number of
new leaves, and in the length of roots and stems in the P. rigida saplings. The adjustments
to submergence, however, were even more intense. Submerged plants not only suspended
growth, but also shed all pre-existing leaves and lost part of the biomass of all components
of the plant, leading to negative relative growth values. Growth reduction as a consequence
of flooding and submergence is a common response of plants adapted to periodically water-
logged habitats (Steege, 1994; Pimenta et al., 1998; Davanso et al., 2002; Pisicchio, 2004;
Batista et al., 2008; De Carvalho et al., 2008) and characterizes a latent state, resulting from
changes in the hormonal and energetic balance in the plant. According to Bailey-Serres and
Voesenek (2008), this quiescence strategy, driven by adjustment of metabolism, is a true toler-
ance mechanism. Respiration is downregulated and fermentation is limited to create a positive
energy budget when organ hypoxia starts.

We conclude that P, rigida uses a combination of strategies in order to cope with dif-
ferent intensities of flooding. When flooding is shallow making the soil waterlogged and plants
are only partially covered, an LOES strategy is favored, leading to an amelioration of oxygen
supply to the tissues underwater, consequently ensuring survival of the plants. However, LOES
is costly and its benefits do not outweigh the costs when the floods are too deep (Bailey-Serres
and Voesenek, 2008) and the young plants are completely submerged. In these cases, the qui-
escence strategy is employed. Plants remain latent until the floodwater recedes, resulting in
an economy of energy to be used in the later resumption of growth. Whether the LOES or the
quiescence response to flooding is activated, cellular acclimation to transient O, deprivation re-
quires tight regulation of ATP production and consumption, limited acidification of the cytosol,
and amelioration of reactive oxygen species produced either as O, levels fall during flooding
or upon reoxygenation after withdrawal of the flood water (Bailey-Serres and Voesenek, 2008).

Limited underwater growth and a consequent conservation of energy characterize an
efficient adaptation to survive inundated habitats. Nonetheless, negative values in growth rates
of P. rigida under submergence indicate not only a state of rest, but also injury to tissues and a
threat to survival. Hence, for P, rigida, the quiescence strategy is harmful and some plants may
not be able to recover after the end of this stress. This explains why 40% of the plants submitted
to flooding for 30 days, submergence for 30 days and re-aeration for 30 days were not able to re-
cover. Although the percentage survival was high (60%), this shows that P, rigida suffers more
under submergence than under flooding. Thus, P. rigida is probably well adapted to survive
in shallow flooding; nevertheless regimens of deep flooding and complete submergence for a
longer period constitute a greater challenge, being a strong selective pressure for this species.

Local adaptation to flooding

In order to determine if there is genetic diversity between populations in molecular
markers that could indicate the existence of different genotypes in the two populations, an
AMOVA analysis was performed, resulting in a ¢_ value of 6.27% (Table 3), indicating mod-
erate genetic diversity between populations. This, together with the fact that some of the mor-
phological and anatomical traits differed between populations (Table 2), allow us to presume
that different genotypes constitute each population.

Parapiptadenia rigida saplings derived from the population historically challenged
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by flooding had higher means of the following root characters: thickness of the cortex, diam-
eter of cortical cells and cortical porosity after experimental flooding; they also had a greater
ability to resume growth after experimental submergence (Table 2). In order to understand this
situation, the water levels of the Tibagi River basin must be considered. Trees of the popula-
tion exposed to flooding are distributed very close to the river, where the soil is swampy most
of the time. Along the year, a greater capacity to transport oxygen to the root system may be
an important adaptation of this species to this riparian habitat. This would explain why char-
acters related to aerenchyma formation have a better performance in trees from the population
exposed to flooding. Around January, when the river overflows and young P. rigida saplings
become completely submerged, their ability to restrain growth and to recover following the
end of flooding may account for their success in this environment. Thus, the survival and
anatomical variations observed in P. rigida populations indicate different levels of flooding
tolerance and consequently ecotypic differentiation between the two habitats.

Local adaptation and ecotypic differentiation in plants related to flooding tolerance
have rarely been reported. One of the few examples is a study on Himatanthus sucuuba (Fer-
reira et al., 2007; Parolin, 2009). In this species, seed viability, germination rates, overall
survival of submerged seedlings, and the amount and pattern of aerenchyma formation differ
significantly between populations from floodplain and upland environments. The differences
in flooding tolerance within this species strongly indicate ecotypic differentiation between the
two habitat types, suggesting that a process of separation into different species with differing
waterlogging and submergence tolerance along the flooding gradient is occurring.

The P. rigida populations that we analyzed are distributed in a gradient of soil hu-
midity of a riparian forest. Considering the relative proximity of the populations, the open
pollination character of this species, and the high intrapopulational genetic diversity shown in
AMOVA results (Table 3), genetic flow between them is likely. This indicates that evolution of
flooding tolerance is not likely to be restricted by insufficient genetic variation in this species.
Additional genetic variation could also be introduced in populations of river borders by the
input of seeds from upstream regions through river flow.

Submergence is a strong selective pressure on P. rigida. Nonetheless, this species is
able to recover from this stress, with a high rate of survival. This points to a potential applica-
tion of P. rigida in reforestation programs in riparian ecosystems. The ability to survive pro-
longed flooding and submersion differed between the populations, even though the populations
were close to each other and there was certainly gene flow. Plants from the area naturally ex-
posed to flooding had a greater ability to recover after flooding followed by submergence, sug-
gesting that these areas could be used as sources for seed for reforestation of riparian habitats.
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