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AS ANATOMICAL FEATURES OF THE XYLEM COULD INFLUENCE WOUND HEALING
PROCESS IN TREES?!

COMO AS CARACTERISTICAS ANATOMICAS DO XILEMA PODEM INFLUENCIAR NO
PROCESSO DE CURA DE FERIMENTOS EM ARVORES?!

Diego ROMEIRO ?; Camila Moura SANTOS 3; Luis Alberto BUCCI 3; Eduardo Luiz LONGUI 34

ABSTRACT - Since trees are continually at risk of damage from animals and adverse
environmental conditions, their survival depends on wound healing capacity. Common
physiological responses to injury are cell proliferation, regeneration of the vascular tissue and
the formation of compounds to protect cells near the wound. The wood anatomy is important
for understanding the mechanisms of wound healing, and hence tree survival. We studied
twelve tropical tree species to understand how some wood characteristics contribute to the
wound healing process. We made the quantitative analysis of wood characteristics and
evaluated the rate of wound healing two years after the collection of samples. Species with a
large amount of axial parenchyma, presented the highest wound healing rate, proving that axial
parenchyma cell supply material for greater cell proliferation, acting to close the wound much
faster. Species that have axial parenchyma and produce a network between vessels and rays
through living tissue, recover and provide passage of hormones that stimulate cell division of
tissue near the wound, promoting growth of callus tissue all around the wound area,
accelerating wound closure. On the other hand, the absence of axial parenchyma hinders such
recovery by disabling affected regions; both above and below the injury, from producing
sufficient wound healing tissue. The presence of longer fibers is an indicative of a larger
amount of gibberellin that is involved in cell division during wound healing; therefore, species
with longer fibers had faster wound healing.

Keywords: Axial parenchyma; Fibers, Translocation; Tropical trees; Wood anatomy.

RESUMO - As arvores estdo continuamente em risco de danos por animais e condicdes
ambientais adversas, sua sobrevivéncia depende da capacidade de cicatrizacdo de feridas.
Respostas fisioldgicas comuns & lesdo sdo a proliferacdo celular, regeneracdo do tecido
vascular e formacdo de compostos para proteger as células préximas a ferida. Conhecer a
anatomia da madeira é essencial para compreender os mecanismos de cicatrizacdo de feridas e
sobrevivéncia da arvore. Estudamos 12 espécies tropicais para entender como algumas
caracteristicas da madeira contribuem para o processo de cicatrizacdo de feridas. Fizemos a
andlise quantitativa das caracteristicas da madeira e avaliamos a taxa de cicatrizagcdo das
feridas dois anos ap0s a coleta das amostras. Espécies com grande quantidade de parénquima
axial, apresentaram maior taxa de cicatrizacdo da ferida, comprovando que células do
parénquima axial fornecem material para maior proliferacdo celular, agindo mais rapido no
fechamento da ferida. Espécies com parénquima axial arranjado de forma a produzir uma rede
entre vasos e raios através do tecido vivo, se recuperam e fornecem a passagem de hormonios
que estimulam a divisdo celular do tecido préximo a ferida, promovendo o crescimento de
tecido em toda a area da ferida, acelerando seu fechamento. A auséncia de parénquima axial
dificulta essa recuperacdo por incapacitar as regides afetadas; acima e abaixo da lesdo, de
produzir tecido suficiente para cicatrizacdo de feridas. A presenca de fibras mais longas é
indicativo de maior teor de giberelina, envolvida na divisdo celular durante a cicatrizagéo;
portanto, espécies com fibras mais longas tiveram cicatrizacdo mais rapida das feridas.

Palavras-chave: Parénquima axial; Fibras; Translocacdo; Arvores tropicais; Anatomia da
madeira.
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1 INTRODUCTION

Plants  routinely  exposed to  adverse
environmental factors can be easily wounded. Thus,
mechanical processes that destroy cells and tissues
may expose inner parts of the plant (Imaseki, 1985).
Physiological responses to such injuries vary,
however, the fundamental result is the regeneration
of the affected tissue. Thus, the production of
compounds to protect cells near the wound, cell
proliferation, and regeneration of vascular tissues are
common responses (Imaseki, 1985) closely related
to wood anatomy (Aloni, 2007, 2010).

Stem anatomy has been largely studied for
functional traits related to mechanical support, as
well as storage and hydraulic conductivity linked to
life history traits. Many studies have reported that
drought-induced forest decline is a result of failure
in water transport system in a large number of
woody species (Choat et al.,, 2012). To recover
hydraulic function interrupted by cavitation, the
parenchyma cells play an important role by secreting
solutes into the vessels that establish an osmotic
gradient and thereby promote their recovery (Tyree
et al., 1999; Zwieniecki and Holbrook, 2009;
Brodersen et al., 2010). Parenchyma cells are also
involved in the storage of water, sugar and mineral
nutrients, regulation of transpiration (Borchert and
Pockman, 2005) and others processes such as leaf-
flushing (Chapotin et al., 2006). These features help
woody species to avoid drought stress.
Parenchymatous tissue promotes decay resistance by
producing extractives (Schwarze, 2007) and
avoiding the spread of pathogens once it is involved
in formation of tyloses inside the vessels (Yadeta
and Thomma, 2013).

These features are linked to tree’s life history and
are predictors of tree longevity. In forest ecology,
the main causes of death in trees are exogenous
disturbances and senescence (Toledo et al., 2013),
associated with weather stress (Ostry et al., 2011).
Many such exogenous disturbances result in wounds
and large or deep wounds cause direct damage by
inhibiting or altering the xylem and phloem transport
(Neely, 1988), besides it also facilitates the invasion
of opportunistic or pathogenic organisms (Neely,
1988; Ostry et al., 2011). Therefore, the objective of
this study is to understand how remaining
anatomical characteristics of xylem could influence
the wound healing process, to reduce the healing
time or distribution of callus production.
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2 MATERIALS AND METHODS
2.1 Sample selection

Five trees with more than 10 cm in trunk
diameter were chosen for each of the twelve species
studied. Samples from each tree were collected at
breast height (DBH, 1.3 m from the ground) with a
non-destructive technique using a bow saw, hammer
and chisel. Samples were collected for analysis
producing a wound with approximately 4 cm high,
12 cm wide and 1.5 cm deep. Samples of Alchornea
glandulosa Poepp. & Endl., Paubrasilia echinata
Lam., Cariniana legalis (Mart.) Kuntze, Cariniana
estrellensis (Raddi) Kuntze, Ceiba speciosa (A.St.-
Hil.) Ravenna, Gallesia integrifolia (Spreng.)
Harms, Guazuma ulmifolia Lam., Handroanthus
chrysotrichus (Mart. ex DC.) Mattos, Handroanthus
heptaphyllus (Vell.) Mattos., Inga sessilis (Vell.)
Mart., Maclura tinctoria (L.) D.Don ex Steud., and
Peltophorum dubium (Spreng.) Taub. were collected
in the arboretum located at the Alberto L6fgren State
Park, S3ao Paulo, SP, Brazil (23°27°S — 46°38°W,
elevation 814m, Figure 1). The number registration
in the Forestry Institute Xylarium (SPSFw) and
number of the individual in the arboretum were
shown in Table 1, and forestry characteristics were
measured and shown in Table 2.

Table 1. Species studied with the respective registration
number in the Forestry Institute Xylaryum (SPSFw) and
number of the individual in the arboretum.

Tabela 1. Espécies estudadas com o respectivo nimero de
registro na Xiloteca do Instituto Florestal (SPSFw) e
namero do individuo no plantio.

Species/Family N° of SPSFw  N° arboretum
Alchornea glandulosa 5079 255
Poepp. & Endl. 5080 256
(Euphorbiaceae) 5081 304
5082 361
5083 402
Paubrasilia echinata Lam. 5084 194
(Fabaceae- 5085 217
Caesalpinoideae) 5086 297
5087 368
5088 455
Cariniana legalis (Mart.) 5089 21
Kuntze (Lecythidaceae) 5090 50
5091 137
5092 224
5093 344
Cariniana estrellensis 5094 175
(Raddi) Kuntze 5095 240
(Lecythidaceae) 5096 269
5097 436
5098 449
to be continued
continua
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continuation - Table 1
continuagao - Tabela 1

Ceiba speciosa (A.St.- 5099 190
Hil.) Ravenna 5100 268
(Malvaceae) 5101 299
5102 326
5103 407
Gallesia integrifolia 5104 107
(Spreng.) Harms 5105 198
(Phytolaccaceae) 5106 265
5107 315
5108 442
Guazuma ulmifolia Lam. 5109 68
(Malvaceae) 5110 98
5111 99
5112 130
5113 182
Handroanthus 5114 225
chrysotrichus  (Mart. ex 5115 253
DC)) Mattos. 5116 305
(Bignoniaceae) 5117 325
5118 390
Handroanthus 5119 16
heptaphyllus (Vell.) 5120 23
Mattos. (Bignoniaceae) 5121 154
5122 262
5123 434
Inga sessilis (Vell.) Mart. 5124 232
(Fabaceae-Mimosoideae) 5125 334
5126 371
5127 374
5128 408
Maclura tinctoria (L.) D. 5129 6
Don ex Steud. (Moraceae) 5130 40
5131 71
5132 151
5133 293
Peltophorum dubium 5134 128
(Spreng.) Taub. 5135 252
(Fabaceae- 5136 369
Caesalpinoideae) 5137 379
5138 450

2.2 Anatomical analyses

In order to obtain quantitative data of the woods,
cross sections of each sample were made using a
sliding microtome. Transverse, tangential and radial
longitudinal sections of 15-20um thickness were
stained with 1% aqueous solution of safranin;
sections were mounted in glycerin (50 %) and
imaged using a digital camera coupled to an
Olympus CX31 microscope. Vessel and fiber
characteristics were determined after maceration for
8h at 55 to 60 °C following Kraus and Arduin (1997)
and staining with ethanolic solution of safranin
(1%).

Anatomical measurements followed the IAWA
Committee  (1989) recommendations.  Vessel
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diameter, vessel frequency, vessel element length,
diameter of intervessel pits and vessel ray pits were
measured. We also measured height, width and ray
frequency and length, diameter and wall thickness of
fibers. Axial parenchyma proportion was determined
by subtracting the total area of axial parenchyma
from the entire imaged cross-sectional area.

General Directorate of Forestry Instiuze [

Figure 1. a. Collection area located at Alberto Léfgren
State Park - PEAL. b. General view of “Arboretum 500
Years” commemorating the 500th anniversary of the
discovery of Brazil.

Figura 1. a. Area de coleta localizada no Parque Estadual
Alberto Lofgren - PEAL. b. Vista geral do “Arboreto 500
anos” em comemora¢do aos 500 anos do descobrimento
do Brasil.

2.3 Wood density

Wood density was determined on samples from
diameter at breast height by the ratio between the
oven-dry mass and the green volume of samples
(Glass and Zelinka, 2010).

2.4 Wound healing

Wound healing progress was monitored for two
years and imaged for measurements at the end of
this period. The images were measured on Image
Pro Plus 6.0 and wound healing area proportion was
determined by subtracting the total area without
healing tissue from the entire wounded area.
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Table 2. Mean forestry characteristics of studied species.

Tabela 2. Caracteristicas florestais médias das espécies estudadas.

Species Height (m) DBH (cm)
Alchornea glandulosa 11.5(2.9) 34.7 (5.1)
Paubrasilia echinata 11.7 (2.7) 12.7 (2.3)
Cariniana estrellensis 16.7 (3.8) 26.7 (6.5)
Cariniana legalis 15.0 (3.3) 21.6 (2.1)
Ceiba speciosa 13.0 (4.0) 30.1 (5.7)
Gallesia integrifolia 16.2 (5.5) 28.8 (11.4)
Guazuma ulmifolia 17.2 (2.4) 33.4 (4.2)
Handroanthus chrysotrichus 9.5(2.2) 14.7 (8.6)
Handroanthus heptaphyllus 12.5(1.4) 17.4 (4.2)
Inga sessilis 145 (4.1) 41.1 (6.3)
Maclura tinctoria 16.5 (0.5) 27.3 (5.4)
Peltophorum dubium 17.6 (3.7) 25.8 (8.1)

Standard deviations shown in parentheses. DBH = diameter at breast height (1.3 m from the ground).

Desvios padrdo mostrados entre parénteses. DBH = didmetro a altura do peito (1,3 m do solo).

2.5 Statistical analyses

Pearson correlation was wused to show
relationships between anatomical characteristics,
wood density and wound healing proportion.
Results with p < 0.05 were considered significant.
We use a bidirectional stepwise elimination
procedure to determine a final regression model
for wound healing and wood characteristics. All
variables were standardized before analysis.
Statistical analyses were also performed using R
3.1.3 (R Core Team, 2015), package vegan
(Oksanen et al., 2015), package Rcmdr (Fox,
2005) and package scatterplot3d (Ligges and
Méchler, 2003).

Table 3. Qualitative description of studied species.

Tabela 3. Descri¢do qualitativa das espécies estudadas.

3 RESULTS

Table 3 shows qualitative anatomical
characteristics and table 4 shows quantitative
anatomical features to assist in understanding the
discussion. Two years after collecting wood
samples for anatomical studies, we performed the
analyses with wound healing proportion and
anatomical characteristics. We found a negative
correlation between wood density and wound
healing and a positive correlation between wound
healing proportion, amounts of axial and radial
parenchyma, intervessel and vessel-ray pits size
and fiber length (Table 5).

Species Qualitative anatomical characteristics

Alchornea glandulosa

Axial parenchyma diffuse-in-aggregates; uniseriate rays; circular, alternate

intervessel pits; low distinct growth rings.

Paubrasilia echinata

Axial parenchyma confluent in short sections; multiseriate, storied rays;

polygonal, alternate, vestured intervessel pit; growth rings boundaries distinct

by axial parenchyma line.
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Cariniana estrellensis

Cariniana legalis

Ceiba speciosa

Gallesia integrifolia

Guazuma ulmifolia

Handroanthus chrysotrichus

Handroanthus heptaphyllus

Inga sessilis

Maclura tinctoria

Peltophorum dubium

Axial parenchyma reticulate, multiseriate rays; alternate circular and / or
polygonal intervessel pits; distinct growth rings and bounded by a fibrous zone.

Axial parenchyma reticulate multiseriate rays; alternate polygonal intervessel
pits; distinct growth rings and bounded by a fibrous zone.

Axial parenchyma diffuse-in-aggregates; multiseriate rays; circular, alternate
intervessel pits; distinct growth rings and bounded by a fibrous zone.

Axial parenchyma diffuse; phloem even alternated by conjunctive parenchyma
tissue; multiseriate rays; circular, alternate intervessel pits; structurally, the
vascular cylinder is composed by successive rings of secondary xylem and
phloem.

Axial parenchyma diffuse and / or diffuse in aggregates; multiseriate rays;
circular, alternate intervessel pits; low distinct growth rings, bounded by a
fibrous zone.

Axial parenchyma aliform confluent in long strands; ray width 1 to 2 cells,
storied rays; circular, alternate intervessel pits; distinct growth rings delimited
by parenchyma line and fibrous zone.

Axial parenchyma aliform confluent; multiseriate, storied rays; circular,
alternate and or opposite intervessel pits; distinct growth rings and bounded by a
thin line of parenchyma and fibrous zone.

Axial parenchyma aliform confluent; ray width 1 to 2 cells; circular, alternate,
vestured intervessel pits; distinct growth rings and bounded by a fibrous zone.

Axial parenchyma aliform with confluent linear extension; multiseriate rays;
circular, alternate intervessel pits; distinct growth rings and bounded by a
fibrous zone.

Axial parenchymal lozenge-aliform; ray width 1 to 2 cells; circular, alternate
intervessel pits; distinct growth rings and bounded by a parenchyma line.

Use the information in this table to better understand the figures 4-10

Use as informacdes dessa tabela para melhor entendimento das figuras 4-10

Table 4. Quantitative anatomical features, mean values and (standard deviations).

Tabela 4. Caracteristicas anatdbmicas quantitativas, valores médios e (desvios padrdo).

Species PP VEL

FL FWT VD VF RH RW RF IP VRP

Ag 159 7224
0.3)  (154.0)

Pe 326 296.7
(1.1) (46.5)

1351.0 56 2142 46 10594 242 164 132 129
(1836) (1.0) (17.9) (0.7) (1059) (15 (0.9) (22) (L1

10685 62 900 192 2425 260 95 45 35
(1315 (06) (3.3) (43) (259) (18) (0.5 (0.4) (0.4)
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Ce 765 4541 16270 54 1413 102 4815 540 81 81 75
(35) (89.5) (209.6) (0.6) (9.0) (32) (3200 (49) (0.6) (0.5 (0.5)
cl 10.15 4188 16272 47 902 107 3513 380 81 80 6.4
(2.5) (119.8) (207.3) (0.2) (8.8) (L4)  (51.4) (74) (0.6) (0.4) (0.6)
Cs 1870 3906 20489 61 2182 3.4 9226 1091 36 147 152
(32) (66.3) (276.0) (0.9) (183) (0.8)  (72.1) (345) (04) (2.0) (0.8)
Gi 921 2279 9861 45 786 168 6995 892 36 102 80
(2.8) (521) (155.7) (0.8) (22.0) (2.1)  (91.4) (91.4) (0.3) (1.3) (L.2)
Gu 336 3572 14403 56 1154 129 5669 749 64 51 43
(15)  (50.0) (229.1) (0.3) (12.9) (5.0) (59.4) (46) (0.3) (0.6) (0.3)
Hc 1062 2435 12175 7.1 837 207 1474 428 93 96 53
(1.7)  (41.0) (143.7) (14) (28) (31) (11.0) (15 (04) (25 (0.5
Hh 584 2195 9694 54 661 337 1518 359 76 93 59
(3.4) (255) (161.5) (05) (5.6) (54)  (20.0) (52) (0.6) (14) (0.9)
Is 678 409.2 12688 47 1842 6.3 2531 326 68 71 6.1
(3.1) (99.8) (184.4) (05) (23.9) (21) (255) (48 (05) (0.6) (0.9)
Mt 347 2786 10579 43 1484 6.9 2725 355 64 70 80
(15) (61.2) (146.8) (0.4) (16.0) (15)  (451) (43) (05) (0.4) (0.2)
Pd 570 4100 12978 53 1530 4.6 2295 338 94 65 6.2
(05) (116.7) (213.2) (0.7) (125) (07) (262) (49) (0.8) (0.4) (0.7)

PP = parenchyma proportion (% per square millimeter) VEL = vessel element length (um), FL = fiber length (um),
FWT = fiber wall thickness (um), VD = vessel diameter (um), VF = vessel frequency (vessels per square millimeter),
RH = ray height (um), RW = ray width (um), RF = ray frequency (rays per millimeter), IP = intervessel pit (um), VRP
= vessel-ray pit (um). Ag = Alchornea glandulosa, Pe = Paubrasilia echinate, Ce = Cariniana estrellensis, Cl =
Cariniana legalis Ce = Ceiba speciosa, Gi = Gallesia integrifolia, Gu = Guazuma ulmifolia, Hc = Handroanthus
chrysotrichus, Hh = Handroanthus heptaphyllus, Is = Inga sessilis, Mt = Maclura tinctoria e Pd = Peltophorum
dubium.

PP = proporcéo de parénquima (% por milimetro quadrado) VEL = comprimento do element de vaso (um), FL =
comprimento da fibra (um), FWT = espessura da parede da fibra (um), VD = didmetro de vaso (um), VF = frequéncia
de vaso (vasos por milimetro quadrado), RH = altura do raio (um), RW = largura do raio (um), RF = frequéncia do raio
(raios por milimetro), IP = pontoagdo intervascular (um), VRP = pontoacdo raiovascular (um). Ag = Alchornea
glandulosa, Pe = Paubrasilia echinate, Ce = Cariniana estrellensis, Cl = Cariniana legalis Ce = Ceiba speciosa, Gi =
Gallesia integrifolia, Gu = Guazuma ulmifolia, Hc = Handroanthus chrysotrichus, Hh = Handroanthus heptaphyllus,
Is = Inga sessilis, Mt = Maclura tinctoria e Pd = Peltophorum dubium.

Generally, species with high wood density
showed slower wound healing rate, however, some
species differ this result as observed in Inga sessilis
(Figure 2). Species with a large amount of axial
parenchyma showed a higher wound healing rate,
this result was found in Cariniana legalis, Ceiba
speciosa and Handroanthus crystotrichus (Table 4).
On the other hand, Gallesia integrifolia and
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Guazuma ulmifolia also presented a high wound
healing rate (Figure 2), but it was promoted by radial
parenchyma cells (Table 4), resulting in a positive
correlation between ray height, ray width, and
wound healing (Table 5). These ratios confirm the
importance of axial and radial parenchyma cells on
the wound healing process. A negative correlation
between ray frequency and wound healing rate was
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found, it could be observed principally in Alchornea
glandulosa, that has more than 10 rays per milimeter
(Table 4). A positive relationship was established
between fiber length and wound healing (Table 5),

as observed in Ceiba speciosa, Cariniana
estrellensis and C. legalis (Table 4). After
correlation analysis, the tridirectional stepwise

showed that parenchyma proportion and fiber length
were the main predictors to determine the regression
model for wound healing (Figure 3). Using
partitioning variation was possible decompose the
variation of wound healing model and determine the
interaction between predictors.

Two patterns of wound healing were observed:
one with formation of callus tissue all around the
wound area (Figure 4, a and c) and another only on
the sides of the wound (Figure 4, e). Using wood
anatomy as a basis for comparison, it was observed
that wound healing produces callus tissue around the
entire wound when axial parenchyma cells provide a
network between vessels and rays (Figure 4 b and d).
This was observed most precisely in reticulate
parenchyma in Cariniana estrellensis and C. legalis
(Figure 5 a and d), confluent parenchyma in
Handroanthus crystotrichus (Figure 8, d) and Inga
sessilis (Figure 9, d) or in specifically species that
the network was produced with vasicentric
parenchyma, large vessels and rays as observed in
Ceiba speciosa (Figure 7, a). In contrast, when
callus tissue was formed on the sides of wound, as in
Gallesia integrifolia (Figure 7, d) and Guazuma
ulmifolia (Figure 9, a), these network between
vessels and rays are scarce, once apotracheal
parenchyma founded in these two species is not
associated with vessels and do not produce
connection between vessel and rays.

Likewise, the increased width of vessel pits, as in
Ceiba speciosa, benefits translocation between cells,
thus intensifying cell proliferation which, in turn,
results in a positive correlation between wound
healing and both intervessel pits and ray vessel pits.

Wood anatomical characteristics are illustrated in
figures 5 - 10 and wound healing in figure 11.

4 DISCUSSION

Species with high wood density have a higher
construction cost and lower growth rate (Larjavaara
and Muller-Landau, 2010). Thus, it is expected that
species with high wood density have low rate of
wound healing, while species with low wood density
have high rate. However, this pattern was not found
in all the studied species, as evidenced in Inga
sessilis and Peltophorum dubium. This result shows
that wood density is not the sole determinant of
wound healing rate. Therefore, we focused on
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parenchyma cells because they play an important
role in wound healing and regeneration (Evert,
2006).

Wood density (2 cm™)
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Figure 2. Average of the wound healing and wood density
with their respective standard deviations of the studied
species.

Figura 2. Média da cicatrizacdo e densidade da madeira
com seus respectivos desvios padrdo das espécies
estudadas.
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Figure 3. Correlations among wound healing, parenchyma
proportion and fiber length.

Figura 3. Correlagdes entre a cicatrizagdo de feridas,
propor¢éo de parénquima e comprimento das fibras.
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Table 5. Correlation coefficients between anatomy
characteristics with wound healing proportion.

Tabela 5. Coeficientes de correlacdo entre as
caracteristicas anatdbmicas com a proporcdo de
cicatrizacdo da ferida.

Anatomy Pearson P
characteristics correlation

Wood density -0.40 0.001
Axial parenchyma 0.48 0.0001
proportion

Ray height 0.31 0.01
Ray width 0.42 0.0009
Ray frequency -0.30 0.01
Fiber length 0.47 0.0001
Fiber wall thickness 0.01 0.92
Intervessel pit diameter 0.41 0.001
Vessel-ray pit diameter 0.30 0.01
Vessel diameter 0.20 0.12
Vessel density -0.12 0.34
Vessel element length 0.11 0.37

The aggregation of axial parenchyma cells
represents  progressively more efficiency in
mobilizing and storing photosynthates and
translocating other compounds (Carlquist, 1975).
Soluble carbohydrates, such as sucrose and glucose,
induce gene expression and seem to interact with
hormonal responses (Uggla et al., 2001), benefiting
wound healing.

Ceiba speciosa with a large amount of axial
parenchyma, presented the highest wound healing
proportion, proving that axial parenchyma cells
supply material for greater cell proliferation, acting
to close the wound much faster.

However, Uggla et al. (2001) reported that the
presence of carbohydrates is not the sole contributor
to this process, but rather the capacity of tissues to
use them. The efficiency of photosynthate
translocation between axial and radial parenchyma
systems depends on their massive contact with
xylem vessels and cambial tissue (Carlquist, 1975,
2001). We noted that Cariniana species, Ceiba
speciosa, Handroanthus species and Inga sessilis
presented more that characteristics. Therefore, it can
concluded that parenchyma also plays an important
role in wound healing, its cellular
transdifferentiation capacity promotes
transformation of a parenchyma cell into a conduit
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which maintain auxin signaling and vascular
continuity (Fukuda, 1996; Aloni, 2013).

The amount of axial parenchyma also protects
against wood decay through the process of
compartmentalization, i.e., the ability to avoid the
input of opportunistic pathogens (Arbellay et al.,
2012; Morris et al.,, 2016) that could decrease
cellular activity and, correspondingly, decrease the
healing process. Hence, trees with good
compartmentalization capacity present a faster
wound healing rate (Haavik and Stephen, 2011). A
large amount of parenchyma benefits tree species by
the greater occurrence of parenchyma cells
associated with vessels, allowing their obstruction in
order to protect healthy tissue. This protection can
occur by the formation of tyloses or some
compounds (Schmitt and Liese, 1990, 1994) and by
suberization in xylem tissues (Imaseki, 1985).

Even though cambial tissue post-injury may have
been lost, it is parenchyma tissue that will start the
healing process (Neely, 1988). In particular, callus
will be formed by parenchyma cells originated from
parenchyma tissue remnants or non-differentiated
cells. This is the first tissue formed after injury
(Stobbe, 2002; Pang et al., 2008). It is parenchyma
tissue that has the capacity to regenerate, while other
kinds of cells, such as vessels and fibers, have
already differentiated and possess secondary walls
(Fukuda, 1996). Fisher and Ewers (1989) found a
significant relationship between parenchyma tissue
and wound healing, i.e., a new xylem parenchyma
that stimulates the formation of callus that quickly
rejoins the exposed surface.

In this work, species with a high amount of axial
parenchyma had faster production of callus tissue
around the wound. The callus contains chemical
compounds that act as barriers to prevent desiccation
and protect tissue from pathogens (Haavik and
Stephen, 2011). Arbellay et al. (2012) also affirm
that the production of parenchyma around the
wound, as a consequence of cambial injury, protects
the living tissue.

It is not only axial parenchyma that has been
shown to contribute to wound healing. In Gallesia
integrifolia and Guazuma ulmifolia, the radial
parenchyma also contributes to regeneration of cells;
however, the height and width of the rays seems to
be more relevant than ray frequency, as confirmed
with Alchornea glandulosa which has uniseriate rays
with high frequency, but with a low wound healing
rate, as in G. integrifolia and G. ulmifolia. The
composition of the rays is also important in xylem-
phloem translocation. When the rays are composed
by procumbent cells, translocation is more efficient
(Carlquist, 1975), in turn improving wound healing.
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The distribution of parenchyma tissue can be
related to the pattern of wood healing. Specifically,
the species that have axial parenchyma and produce
a network between the vessels and rays through
living tissue recover and provide passage of
hormones that stimulate cell division of tissue near
the wound. This, in turn, promotes the growth of
callus tissue all around the wound area, accelerating
wound closure. This phenomenon could be seen in
C. estrellensis, C. legalis, H. crysotrichus and I.
sessilis. On the other hand, the absence of axial
parenchyma hinders such recovery by disabling
affected regions, both above and below the injury,
from producing sufficient wound healing tissue. In
G. integrifolia and G. ulmifolia, callus tissue was
formed only at the sides of the wound. In this case,
the absence of the network between vessels and ray
cells allows air to enter the xylem vessels through
the wound, causing embolism by the Soil-Plant-
Atmosphere Continuum (SPAC) pathway (Mcculloh
et al., 2004). Cavitation occurs more intensively
above the wound, blocking hormone influx and
redirecting theses hormones to the wound sides.
Below the wound, cytokinins will induce the
regeneration of vessels and sieve tubes, as well as
promote the production of callus from parenchyma
cells around the wound (Aloni et al., 1990; Baum et
al., 1991).

The production of parenchyma cells is related to
hormonal activity. In particular, it is well known that
gibberellin acts in synergism with auxin (Israelsson
et al., 2005; Aloni, 2013). Gibberellin promotes
cambial cell division (Dayan et al. 2012), while
auxin promotes cell differentiation. However, in the
absence of auxin, gibberellin will promote only
cellular division (Wareing, 1958). Gibberellin has an
important role in the induction of the wound healing
process (Borchert et al., 1974). According to the
intensity of the injury, it will transform mature tissue
into juvenile tissue again (Taiz and Zeiger, 2006)
and promote cellular division. In large
concentrations, gibberellin will greatly enhance
tissue growth (Bradley and Crane, 1957).

Apart from parenchyma, other anatomical
characteristics related to wound healing rate are the
intervessel pits and vessel ray pits. Pit size probably
helps in the distribution of hormones to tissues
around the wound, profiting by the increase in the
process of cell division, as noted in Ceiba speciosa.

Fiber length which is controlled by gibberellin
(Dayan et al., 2012) was also found to be related to
wound healing rate as observed in Ceiba speciosa,
Cariniana estrellensis and C. legalis, confirming the
action of gibberellin on induction of wound healing.
This relationship can also be observed in the
interaction between proportion of parenchyma and
fiber length founded in partial variation analyses.
The presence of longer fibers is indicative of a larger
amount of gibberellin (Dayan et al., 2012; Aloni,
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2013). Aloni (2007) reported that increasing
concentration of gibberellin produces fibers of
greater length. Eriksson et al. (2000) even affirmed
the existence of a specific gene that regulates the
production of gibberellin so that the overexpression
of this key regulatory gene results in improving the
growth rate and biomass production with more
numerous and longer xylem fibers. Therefore, by
analyzing the phenotype related to fiber length, we
can infer the genetic information of each species in
relation to the amount of gibberellin produced in
tissues. Asahina et al. (2002) showed that gibberellin
production is involved in cell division during wound
healing in the cortex of cucumber and tomato cut
hypocotyls. Gibberellin is also utilized for wound
healing in animals because it stimulates the activity
and proliferation of fibroblasts, thus increasing
collagen synthesis (Sharrif Moghaddasi and Kumar,
2011). This proves that cellular mechanisms that
allow regeneration of tissues after damage might be
shared by animals and plants (Reid and Ross, 2011).

5 CONCLUSIONS

Species longevity is related to their recovery
ability against many kinds of injuries. This study
showed the importance of axial and radial xylem
parenchyma in wound healing, which is totally
related to wound healing rate of species. The type
and abundance of parenchyma tissue contribute to
success in the wound healing process because it is
responsible for supplying the production of new
cells, maintaining vascular flow through
transdifferentiation, and protecting against invasion
of pathogenic organisms often responsible for wood
decay. We can infer based on analyzing the
phenotype related to fiber length that gibberellin has
an important role in wound healing since it is a
major signal responsible for stimulation of
parenchyma proliferation after injury.

Based on the findings of this work we can
conclude that the wood anatomy of tree functions as
a fingerprint of metabolism and physiology, which
can help a lot in understanding different mechanisms
in tree life as in this case wound healing.
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Figure 4. Cariniana legalis a, b; Handroanthus chrysotrichus c, d; Gallesia integrifolia e, f. Trunk healing after sample
removal (left, scale bar = 2 cm). b. Transversal section (right, scale bar = 200 um).

Figura 4. Cariniana legalis a, b; Handroanthus chrysotrichus c, d; Gallesia integrifolia e, f. Cicatriza¢&o do tronco ap6s
a remocdo da amostra (esquerda, barra de escala = 2 cm). b. Secéo transversal (direita, barra de escala = 200 um).
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Figure 5. Wood sections of Alchornea glandulosa (a, b, c), Paubrasilia echinata (d, e, f), transversal sections (a, d)
tangential sections with detail of the intervessel pits (b, €), radial sections with detail of vessel-ray pits (c, f) Bar = 200
pum, detail bar =50 um.

Figura 5. Se¢des do lenho de Alchornea glandulosa (a, b, ¢), Paubrasilia echinata (d, e, f), se¢des transversais (a, d)
secOes tangenciais com detalhe das pontoacBes intervasculares (b,e), se¢fes radiais com detalhe das pontoacBes
raiovasculares (c, f) Barra = 200 pum, barra detalhe = 50 pum.
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Figure 6. Wood sections of Cariniana estrellensis (a, b, ¢), Cariniana legalis (d, e, f), transversal sections (a, d)
tangential sections with detail of the intervessel pits (b, e), radial sections with detail of the vessel-ray pits (c, f) Bar =

200 pm, detail bar = 50 um.

Figura 6. SecGes do lenho de Cariniana estrellensis (a, b, ), Cariniana legalis (d, e, ), secdes transversais (a, d) seces
tangenciais com detalhe das pontoagdes intervasculares (b,e), sec@es radiais com detalhe das pontoagdes raiovasculares

(c, f) Barra = 200 um, barra detalhe = 50 um.
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Figure 7. Wood sections of Ceiba speciosa (a, b, ¢), Gallesia integrifolia (d, e, f), transverse sections (a, d) tangential

sections with detail of the intervessel pits (b, €), radial sections with detail of the vessel-ray pits (c, f) Bar = 200 pm,
detail bar = 50 um.

Figura 7. Secdes do lenho de Ceiba speciosa (a, b, c), Gallesia integrifolia (d, e, f), se¢des transversais (a, d) secBes
tangenciais com detalhe das pontoac@es intervasculares (b, €), secdes radiais com detalhe das pontoages raiovasculares
(c, f) Barra = 200 um, barra detalhe = 50 um.
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Figure 8. Wood sections of Handroanthus heptaphyllus (a, b, c), Handroanthus chrysotrichus (d, e, f), transversal
sections (a, d) tangential sections with detail of the intervessel pits (b, €), radial sections with detail of the vessel-ray pits
(c, f) Bar = 200 um, detail bar =50 pum.

Figura 8. Se¢bes do lenho de Handroanthus heptaphyllus (a, b, ¢), Handroanthus chrysotrichus (d, e, f), se¢Bes
transversais (a, d) secOes tangenciais com detalhe das pontoagdes intervasculares (b, €), secdes radiais com detalhe das
pontoacdes raiovasculares (c, f) Barra = 200 um, barra detalhe = 50 um.
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Figure 9. Wood sections of Guazuma ulmifolia (a, b, c), Inga sessilis (d, e, f), transversal sections (a, d) tangential

sections with detail of the intervessel pits (b, €), radial sections with detail of the vessel-ray pits (c, f) Bar = 200 pm,
detail bar = 50 pum.

Figura 9. SecBes do lenho de Guazuma ulmifolia (a, b, c), Inga sessilis (d, e, f), secBes transversais (a, d) secOes

tangenciais com detalhe das pontoac@es intervasculares (b, €), secdes radiais com detalhe das pontoages raiovasculares
(c, f) Barra = 200 um, barra detalhe = 50 um.

Rev. Inst. Flor. v. 33 n. 2 p. 119-138 dez. 2021



134

ROMEIRO, D. et al. As anatomical features of the xylem could influence wound healing process in trees?

»SENL Y0 sy derl NS ng -“.‘7""~.' q"' fii rH

24 £
('K UHIN -
. ) L

Figure 10. Wood sections of Maclura tinctoria (a, b, c), Peltophorum dubium (d, e, f), transversal sections (a, d)
tangential sections with detail of the intervessel pits (b, €), radial sections with detail of vessel-ray pits (c, f) Bar = 200
pum, detail bar =50 um.

Figura 10. Secdes do lenho de Maclura tinctoria (a, b, c), Peltophorum dubium (d, e, ), se¢des transversais (a, d) secdes
tangenciais com detalhe das pontoaces intervasculares (b, €), secBes radiais com detalhe das pontoages raiovasculares
(c, f) Barra = 200 um, barra detalhe = 50 um.
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Figure 11. Images of each individual trunk healing after 24 months of collection. The numbers identify the tree in the
arboretum.

Figura 11. Imagens da cicatrizagdo dos troncos de cada individuo apds 24 meses da coleta. Os nimeros identificam a
arvore no arboreto.
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