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Seeds of Caesalpinia echinata are tolerant to desiccation, keeping their viability up to 0.08 g H,O g"' DM. When stored under
laboratory conditions they lose their viability within one month, while under low temperatures germination ability is
maintained during two years of storage. Here, we report on the variations of soluble carbohydrates, cyclitols and cyclitol
galactosides in seeds of C. echinata during development and maturation, aiming for a better understanding of the
involvement of these compounds in the maturation process and seed quality. Individual flowers were tagged on the day of
anthesis and pods were collected directly from the branches from 32 to 59 d after anthesis (DAA). Seeds were also collected
after shedding. The physiological maturity of C. echinata seeds occurred 60-65 DAA, immediately before shedding, when
seeds had 0.43-0.67 g H,O g'' DM. Soluble carbohydrates made up about 10% of the seed dry mass. Gas chromatography and
mass spectrometry allowed the identification and quantification of 12 soluble carbon compounds present in both the axis and
cotyledons of developing C. echinata seeds. These included fructose, glucose, sucrose, raffinose, the cyclitols myo-inositol,
D-chiro-inositol, D-pinitol, and the cyclitol galactosides, galacto-pinitol A, galacto-pinitol B and ciceritol. Sucrose was
present in high proportions in both tissues during seed development. Traces of raffinose were also detected, mainly in
immature seeds. D-chiro-inositol and myo-inositol were found in low amounts and pinitol transiently increased in both axis
and cotyledons. Ciceritol, galacto-pinitol A and galacto-pinitol B accumulated from 40 DAA to the end of seed maturation,
representing along with sucrose the major carbon reserves of C. echinata seeds. These results allowed us to conclude that
variations in soluble carbon reserves of C. echinata seeds were related to the maturation process and seed quality.
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Variac¢des nos acguicares e ciclitois durante o desenvolvimento e maturaciio de sementes de pau-brasil (Caesalpinia echinata Lam.,
Leguminosae). Sementes de Caesalpinia echinata sdo tolerantes a desseca¢do, mantendo sua viabilidade com niveis de 0,08 g H,O
¢! MS. Quando armazenadas sob condi¢des de laboratorio perdem a viabilidade em um més, enquanto sob baixas temperaturas a
capacidade germinativa ¢ mantida por dois anos. A concentragdo ¢ a composicdo de agucares soluveis, ciclitdis livres e ciclitois
galactosilados durante o desenvolvimento e a maturagéo dessas sementes foram analisadas no presente trabalho, com o propoésito
de compreender-se o envolvimento daqueles compostos na maturagio e na qualidade da semente. Inflorescéncias foram marcadas
na antese e posteriormente coletadas desde 32 até 59 d apos antese (DAA) e apos a deiscéncia. A maturidade fisiologica de sementes
de C. echinata ocorreu entre 60-65 DAA, imediatamente antes da disperséo, quando as sementes apresentavam 0,43-0,67 g H,O
g! MS. Carboidratos soluveis totais corresponderam a cerca de 10% da matéria seca das sementes. Analises por cromatografia
gasosa e espectroscopia de massas permitiram quantificar 12 compostos presentes nos eixos e cotilédones durante o desenvolvi-
mento das sementes. Estes incluem frutose, glicose, sacarose, rafinose, os ciclitdis mio-inositol, D-chiro-inositol, D-pinitol e os
ciclitois galactosilados, galacto-pinitol A, galacto-pinitol B e ciceritol. Sacarose foi detectada em grandes propor¢des durante todo
o processo de desenvolvimento das sementes. Tragos de rafinose foram detectados, principalmente em sementes imaturas. D-chiro-
inositol e mio-inositol foram encontrados em baixas quantidades e pinitol aumentou de forma continua nos eixos e nos cotilédones.
Ciceritol, galacto-pinitol A e galacto-pinitol B foram acumulados de 40 DAA até o final da fase de maturac@o, representando, com a
sacarose, as maiores reservas de carboidratos soluveis das sementes de C. echinata. Estes resultados permitem concluir que o
acumulo de reservas soluveis de carbono esta relacionado com o grau de maturacéo das sementes de C. echinata e com qualidade
final dessas sementes.
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INTRODUCTION

Caesalpinia echinata Lam. (brazilwood,
pernambuco-wood) is a tree species native to the
Brazilian Atlantic coast and occurs mainly in areas of dry
seasonal forests (Lira et al., 2003). It is an endangered
species (Ibama, 1992), having been used as dyestuff in
the past and currently it is still utilized for the
manufacturing of high-quality bows of string instruments
(Lewis, 2001; Rocha, 2004). Various proteinase inhibitors,
including trypsin, elastase and human plasma kallikrein
inhibitors (Oliveira et al., 2002; Cruz-Silva et al., 2004)
were isolated from seeds of C. echinata, suggesting that
these seeds could also be used to study the role of
important enzymes in pathophysiological processes.

Mature seeds of C. echinata contain 30-40% starch
and 10-15% of soluble carbohydrates, predominantly
sucrose and trace amounts of raffinose and stachyose
(Garcia et al., 2006). These seeds are tolerant to
desiccation, keeping their viability up to 0.08 g H.O g
MS after drying at 40-50°C (Barbedo et al., 2002).
However, when these seeds are stored under laboratory
environmental conditions (22 £ 7°C) they lose their
viability within one month. When stored at low
temperatures (7 = 1°C), however, germination is
maintained during 18 months of storage (Barbedo et al.,
2002). Changes in soluble sugars during storage
suggested that the loss of germinability of C. echinata
seeds could be associated with low levels of glucose and
fructose in relation to sucrose (Garcia et al., 2006).

Among other cell compounds, soluble carbohydrates
are involved in desiccation tolerance during seed
development and maturation (Obendorf, 1997; Hoekstra
etal., 2001). Accumulation of sucrose and raffinose family
oligosaccharides (RFO) during seed development has
been proposed as a key factor in membrane stabilization
(Caffrey et al., 1988) besides other physiological roles
(Horbowicz et al., 1998 and references therein). Free
cyclitols and galactosyl cyclitols are also accumulated in
some seeds, and they have also been proposed to
contribute to the structural stability of organelles,
membranes, enzymes and other macromolecules, and the
glassy state (Obendorf, 1997; Peterbauer and Richter,
2001).

The potential interactions among cyclitols and RFO
during seed maturation and their role in seed quality and
storability have been proposed for a number of legume
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species (Obendorf, 1997; Peterbauer and Richter, 2001).
However, their precise role during seed development has
not been reported yet. Here we report on the composition
of soluble carbohydrates, cyclitols and cyclitol
galactosides in cotyledons and in the embryonic axis of
C. echinata seeds during development and maturation,
aiming for a better understanding of their role in the seed
quality of this species.

MATERIAL AND METHODS

Plant material: The experiments were carried out during
2001 in a homogeneous plantation (ca. 250 trees) located
in the Biological Reserve and Experimental Station at
Moji-Guagu (22°15-16'S, 47°8-12' W), State of Sdo Paulo,
Brazil. During the flowering period (August/September),
individual flowers were tagged on the day of their
anthesis (9 to 14 September). During the main phases of
seed development (Borges et al., 2005), the pods were
collected directly from the branches at 32, 40, 48, 52 and
59 d after anthesis (DAA) which is just before shedding
(60-65 DAA). Seeds were also collected directly from the
ground, not exceeding 24 h after shedding, and these
were named recently-dispersed seeds (RDS).

Analysis of seed quality: The water content (%, on a fresh
mass basis) and dry mass (mg seed™') for each stage of
development was determined by weight loss after drying
during 24 h at 105 + 3°C (Brasil, 1992 — Brazilian Rules for
Seed Testing) using four replicates of three to ten seeds
each. The results were expressed as g H,O g' DM (g g™).
Germination (protrusion of the primary root) tests were
carried out at 25 + 1°C under continuous light, in
germination boxes (11x11x3.5 cm) on two pieces of thick
germination paper saturated with distilled water
(Barbedo, 2005), using four replicates of 16 seeds.
Germination was evaluated every 2 d from the day of
sowing and after 20 d the number of seedlings with both
normal roots and shoots was registered (Barbedo, 2005).

Extraction and analysis of soluble carbohydrates and
cyclitols: Five to eight embryos of seeds harvested at 32,
40, 48, 52 and 59 DAA were separated into axis and
cotyledons and soluble carbohydrates and cyclitols were
analyzed. Immediately after excision both tissues were
boiled in 80% ethanol (v/v), homogenized using a mortar
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and pestle, and heated at 80°C during 10 min. After
centrifugation for 5 min at 1000 g, the residue was re-
extracted twice with 80% ethanol during 5 min at 80°C and
once with water for 5 min at 60°C. The ethanolic and
aqueous extracts were pooled, evaporated to dryness
and stored over P,O.. Gas chromatography and mass
spectrometry (GC-MS, Saturn 2000 ion-trap mass
spectrometer, Varian Inc., Vienna, Austria and GC 6890
Series Plus Agilent System, MS 5973 Agilent, USA) of
soluble carbohydrates and cyclitols was performed for
the axis and cotyledons after derivatization with
trimethylsilyl trifluoro acetamide as previously described
(Richter et al., 1990), except for 32 DAA.

Neutral soluble carbohydrates were additionally
analyzed by high performance anion exchange
chromatography coupled with pulsed amperometric
detection (HPAEC/PAD Dionex DX-300, USA) after
deionization through a column consisting of equal
amounts of Dowex-1 (Cl form) and Dowex-50W (H*form).
The HPAEC/PAD system used consisted of a 4 x 250 mm
CarboPac PA-1 column, eluted by a linear gradient of 25
mol m? to 500 mol m” sodium acetate in 150 mol m"*
sodium hydroxide at a flow rate of 1 mL min’' as
established by Garcia et al. (2006). Sugars were identified
by co-chromatography with authentic standards
purchased from Sigma/Aldrich Co. (USA).

Overall, carbohydrates in the extracts were estimated
colorimetrically by the phenol-sulfuric method (Dubois et
al., 1956) using glucose as standard and were expressed
as g kg!' FM.

Statistical analysis: The factorial analysis was carried
out using the F test and Tukey’s test (P <0.05) to determi-

ne the interaction and significant differences of age and
tissue origin (axes and cotyledons) in relation to sugars
and cyclitols after GC/MS analysis. Tukey’s test (P <
0.05) was also used to compare water content, dry and
fresh mass, germination and normal seedling

development (Pimentel-Gomes, 1990).

RESULTS

The patterns of development and maturation of C.
echinata seeds under field conditions have been
described recently (Borges et al., 2005). Table 1 indicates
that maximum seed fresh and dry masses were reached
nearly 60 DAA, the water content remaining practically
constant during the early growth phase (till 40 DAA) and
then declining slowly during the desiccation phase.
Germinability of these seeds began at 40 DAA, reaching a
maximum at 48 DAA, remaining high from this phase.
However, normal seedling development was observed
only at 59 DAA (Table 1), close to seed shedding (Borges
etal., 2005). This indicates that the last desiccation phase
(from 48 DAAto 59 DAA) is crucial to improve seed vigor.

During seed development and maturation the
concentration of total soluble carbohydrates was higher
in the cotyledons than in the axis, except at 48 DAA,
when the amount of sugars increased significantly in the
embryonic axis (Figure 1). This could be related to
variations in the axis dry matter (data not shown).
Maximal germination capacity was observed from this
growth phase onwards, indicating the beginning of
embryo maturation.

Analysis by HPAEC/PAD showed that sucrose,
glucose and fructose were the major neutral soluble

Table 1. Physiological data (water content, germination, normal seedlings, and fresh and dry mass) of Caesalpinia
echinata seeds during development and maturation from 32 to 59 d after anthesis (DAA). Within each column, means
followed by the same letter do not differ significantly (Tukey’s test, P <0.05, n =4).

DAA Water content Germination Normal seedlings Fresh mass Dry mass
(%) (%) (%) (mg seed™) (mg seed™)
32 76.8 a Oc 0b 345%¢ 80e¢
40 77.7 a 42b 0b 173.5d 38.8d
48 64.6 b 94 a 0b 283.8 ¢ 100.5¢
52 62.7b 100 a 0b 342.0b 127.0 b
59 454 ¢ 97 a 89 a 458.8 a 250.2a
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Figure 1. Soluble carbohydrates (g kg'! FM) in the
embryonic axis (white columns) and cotyledons (black
columns) of Caesalpinia echinata seeds during
development and maturation from 32 to 59 d after anthesis.
Bars indicate SE (n = 3).

carbohydrates present in both the axis and cotyledons of
C. echinata seeds (Figure 2). Raffinose was detected
mainly in the axis at the beginning of seed growth (32
DAA). During seed development, the proportion of
sucrose remained unchanged in the axis, while glucose
and fructose, and raffinose, all decreased substantially
from 40 DAA to 59 DAA. Hence, the proportion of
sucrose in the axis was higher than that of
monosaccharides during the maturation phase of C.
echinata seeds (Figure 2). Similar variations were
observed in the cotyledons, except at the beginning of
seed growth (32 DAA till 40 DAA), when the proportions
of glucose and fructose were higher than that of sucrose.
A sharp decrease in monosaccharides was observed from
48 DAA onwards. HPAEC/PAD also showed the presence
of myo-inositol (identified by co-chromatography with
the authentic standard) and other non-identified
compounds in both axis and cotyledons of C. echinata
seeds in all developmental phases (Figure 2).

Twelve soluble carbon compounds in both the axis
and cotyledons of developing C. echinata seeds were
identified and quantified through GC/MS. These
included fructose, glucose, sucrose, raffinose, the free
cyclitols myo-inositol, D-pinitol, D-chiro-inositol, and
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the galactosyl cyclitols ciceritol, galacto-pinitol A and
galacto-pinitol B (Tables 2-4).

Confirming HPAEC/PAD, the GC/MS analysis
generally showed that fructose and glucose were present
in low amounts, mainly in immature seeds both in axes
and cotyledons (Table 2). In the axes fructose increased
until 52 DAA and decreased from this age onwards, while
glucose remained unchanged. In the cotyledons, the
amount of both sugars decreased from 40 to 48 DAA.
Sucrose was presented in high amounts in both tissues
during seed development. Traces of raffinose were also
detected without significant changes during the period
analyzed (Table 2).

D-chiro-Inositol and myo-inositol were found in
lower amounts than those of pinitol (Table 3). This free
cyclitol was present in higher concentrations, mainly in
embryonic axes, increasing consistently until 52 DAA
(Table 3), when germination reached 100% (Table 1).

Galactosyl cyclitols were present in large amounts in
maturing C. echinata seeds and accumulated
consistently from 40 DAA to the end of seed maturation,
both in the axis and cotyledons, mainly as galacto-pinitol
A, B and ciceritol (Table 4). These compounds
represented along with sucrose the major carbon reser-
ves of C. echinata seeds, mainly after shedding. The
accumulation of these galactosyl cyclitols, especially
ciceritol, was accompanied by a decline of pinitol after 52

DAA (Tables 3 and 4).

DISCUSSION

Maturation proteins, sucrose and RFO have been
proposed to be the most important factors in the
acquisition of desiccation tolerance (Blackmann et al.,
1992). According to Han et al. (1997) desiccation
tolerance is acquired during development of orthodox
seeds when not only sugars are accumulated but also
dehydrin-related polypeptides. In legume seeds, RFO are
present in relatively large quantities (Horbowicz and
Obendorf, 1994). However, these sugars were practically
absent in mature whole seeds of C. echinata,
accumulating 10-15% of their dry mass as soluble
carbohydrates. Analysis of sugars during storage under
different temperature conditions showed low levels of
glucose and fructose in relation to sucrose in seeds of C.
echinata that had lost germinability (Garcia et al., 2006),
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Figure 2. HPAEC/PAD profile of neutral soluble carbohydrates from axes (left) and cotyledons (right) of seeds of
Caesalpinia echinata during development and maturation from 32 to 59 d after anthesis (DAA). C - cyclitols; G -
glucose; F - fructose; S - sucrose; R - raffinose. Samples contained 260 g and 800 ug total sugar mL™! for the embryonic
axis and cotyledons, respectively.

Braz. J. Plant Physiol, 18(4):475-482, 2006



480

I.F. BORGES et al.

Table 2. Soluble carbohydrates (g kg' FM) in axes and cotyledons of Caesalpinia echinata during different developmental
phases (days after anthesis — DAA) and in recently-dispersed seeds (RDS). Means followed by the same letter, small in
columns and capital in lines, do not differ significantly (Tukey’s test, P <0.05, n=3). When factorial analysis of variance
indicated that interactions were not significant, only the means of treatments were compared.

. DAA
Plant material 20 13 5 39 RDS Means
Fructose
Axis 1.70 bC 5.56 aAB 7.69 aA 3.00 aBC 2.81aC 4.15
Cotyledons 5.64 aA 1.57bB 3.91 AB 1.69 aB 2.96 aB 3.21
Memmedo Ter So seo Sa Ses T
Glucose
Axis 0.11 bA 0.04 aA 0.04 aA 0.04 aA 0.07 aA 0.06
Cotyledons 2.79 aA 0.03 aB C003aB 003aB 002aB 058
Means 40 145 004 0.03 0.03 0.04
Sucrose
AXxis 5.59 20.67 20.07 10.69 24.43 16.29a
Cotyledons 21.90 21.65 20.10 18.15 25.73 21.50 a
Nemns do Gaa SUleA SoosA A SesA T
Raffinose
Axis 0.13 0.26 0.27 0.19 0.37 024 a
Cotyledons 0.12 0.19 0.19 0.18 0.30 0.20 a
Memedo T 0mA  oma CIsA oA

Table 3. Free-cyclitols (g kg'FM) in axes and cotyledons of Caesalpinia echinata during different developmental
phases (days after anthesis — DAA) and in recently-dispersed seeds (RDS). Statistics as in Table 2.

DAA

Plant material 10 3 5 39 RDS Means
Pinitol
Axis 1.08 3.66 7.49 2.01 3.24 349a
Cotyledons Los Lo - 349 138 Les 1.75a
Means 40 1.06 B 2.58 AB 6.34 A 1.70 B 2.43 AB
D-chiro-Inositol
Axis 0.21 0.48 0.45 0.24 0.18 03la
Cotyledons = 013 026 017 012 013 0.16a
Means 40 0.17 AB 037A 0.31 AB 0.18 AB 0.16 B
myo-Inositol
AXis 0.20 0.51 0.41 0.20 0.15 0.29a
Cotyledons = 048 032 022 012 008 024a
Means 40 034 A 041 A 031A 0.16 A 0.12A

suggesting that sucrose metabolism could be related to
seed viability and the ratio monosaccharides to
disaccharides an indication of this process. The decline
in vigor of the maize embryo was associated with a
marked decline in monosaccharides and in raffinose. In
these seeds sucrose content remained relatively stable
(Bernal-Lugo and Leopold, 1992), similar to that found in
C.
monosacharides found during seed maturation of C.

echinata seeds. However, the decline in

echinata seeds apparently was not associated with the
germination capacity.
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In Fagopyrum esculentum (buckwheat), instead of
RFO, the seeds accumulate a-galactosyl D-chiro-
inositols which may play a role in storability (Horbowicz
etal., 1998; Steadman et al., 2000). Analysis of maturing
seeds of C. echinata by GC/MS revealed the presence of
substantial amounts of various cyclitols such as pinitol,
ciceritol, and galacto-pinitol A and B, which could have
similar functions to RFO with respect to storability. As
reported by Hellmann et al. (2006) the viability of these
seeds can be maintained for up to two years when stored
at sub-zero temperatures. Galactosyl cyclitols are
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Table 4. Galactosil-cyclitols (g kg' FM) in axes and cotyledons of Caesalpinia echinata during different developmental
phases (days after anthesis — DAA) and in recently-dispersed seeds (RDS). Statistics as in Table 2.

. DAA
Pl | RDS M
ant materia 20 43 52 59 eans
Galacto-pinitol A
Axis 0.06 3.71 12.13 14.77 14.21 898 a
Cotyledons 0.83 3.24 5.50 10.02 5.70 5.06a
Meinsdos 0ddA JA8A B82A bAoA DOGA TR
Galacto-pinitol B
Axis 0.04 0.94 2.95 6.13 1.29 227a
Cotyledons = =~ 003 060 129 . 426 609 245a
Means 40 0.04B 0.77B 2.12 AB 520 AB 8.69 A
Ciceritol
Axis 0.04 5.41 21.74 63.57 45.59 2527a
Cotyledons - = = 022 38 13.13 . 376 2966 1643a
Means 40 0.13B 5.40 AB 17.43 AB 43.67 A 37.63 AB

frequently found in similar or even higher amounts than
RFO in seeds of many important grain legumes, such as
lentil, chickpea and soybean (Peterbauer and Richter,
1998) and share some common functions, including
participation in the acquisition of desiccation tolerance
(Peterbauer and Richter, 2001, and references therein).
Galactosyl cyclitols and RFO accumulation during
seed drying and maturation may play a key protective
role, replacing water and thus stabilizing membranes and
other sensitive systems in the cell (Peterbauer and
Richter, 2001). In the present study, pinitol and galactosyl
cyclitols, in addition to sucrose, were identified in seeds
of C. echinata (which are not sensitive to desiccation)
accumulating mainly during the maturation phase.

A question that arises is whether these soluble carbon
compounds are involved in embryo viability and seed vi-
gor after shedding. In some seeds that have very low
levels of RFO, as exemplified by C. echinata, galactosyl
cyclitols may take on the role of those sugars. Loss of
RFO and cyclitols in the axes of several leguminous seeds
precede germination (Gorécki et al., 1997). The significant
increase of galactosyl cyclitols at the end of the
maturation phase of C. echinata seeds could be
associated with the germination capacity and vigor of
seeds (Tables 1 and 4), indicating a nutritive role for these
compounds to seedling growth.

As recently reported (Hellmann et al., 2006), seeds of
brazilwood are also freezing tolerant depending on their
water content. In seeds of Erythrina caffra the high
contents of inositols and monosaccharides were
associated with the protection of plasma membranes from

the effects of low temperatures (Nkang, 2002). Interesting
variations in buckwheat embryos of seeds grown in
cooler temperatures were reported by Horbowicz et al.
(1998), sucrose being decreased and stachyose and the
galactosyl cyclitol fagopyritol B1 increased. The effect of
low temperatures on the content and composition of
soluble carbohydrates and cyclitols in cotyledons and
axes of C. echinata seeds could be important to an
understanding of the involvement of these compounds in
relation to their behavior during storage under different
temperatures. The effect of low temperatures on individu-
al polypeptides and lipids should be considered.
Additionally, as emphasized by Borges et al. (2005), the
role of the environment during development and
maturation of seeds of C. echinata needs further
investigation. However, results from the present study
allow us to conclude that variations in soluble carbon
reserves of C. echinata seeds are related to the
maturation process and seed quality and might
contribute to an understanding of the involvement of
these compounds in the conservation of the seeds.
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