
Received for publication: 9 March, 2011. Accepted for publication: 1 March, 2012.

1 Plant Biotechnology Unit, Faculty of Sciences, Pontificia Universidad Javeriana. Bogota (Colombia).
2 Corresponding author. loyla.rodriguez@javeriana.edu.co

Agronomía Colombiana 30(1), 59-70, 2012

Influence of substrate and mycorrhizal fungus on the root and shoot 
architecture of coffee-shading walnut (Cordia alliodora [Ruiz et Pav.]  Oken)

Influencia del sustrato y del hongo de micorriza sobre la arquitectura de raíz 
y vástago de nogal cafetero (Cordia alliodora [Ruiz et Pav.] Oken)
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ABSTRACT RESUMEN

Cordia alliodora (coffee-shading walnut) is a species of eco-
nomic importance to Colombia because of its multiple uses 
for farmers and for reforestation as a timber and industrial 
resources, mainly in the central coffee region of the country. 
The aim of this research was to study parameters of C. allio-
dora shoot and root system architecture over the first year of 
development. Plants were established in Pacho municipality 
(Cundinamarca) at an 2,150 m a.s.l. A split plot design with a 
randomized complete block and three replicates was applied. 
Within the main plot, we evaluated the substrates (soil, husk 
and compost 2:1:1; soil and husk 3:2; soil and husk 3:1), and 
withing the subplot, the mycorrhizal fungus (without fungus, 
Kuklospora colombiana, Glomus manihotis and Acaulospora 
lacunosa). Substrate type affected C. alliodora root and shoot 
architectural parameters. Plants transplanted into soil, husk 
and compost 2:1:1 had the best responses in architectural pa-
rameters: diameter of the base of the root (7.82 mm), number 
of secondary roots (48.4), root dry weight (5.38 g), number of 
leaves (47.33), dry weight of shoots (7.71 g), shoot length (72.64 
g) and leaf dry weight (6.28 g) at 384 days after transplant. Since 
no fertilizer was applied to coffee-shading walnut plants, we 
conclude that the mycorrhizal fungi facilitated a better use and 
development of mineral elements present in the substrates.

La especie Cordia alliodora (Nogal cafetero) representa impor-
tancia económica para Colombia debido a los múltiples usos 
que tiene para agricultores y reforestadores, como recurso 
maderero e industrial principalmente en la región cafetera 
central del país. El objetivo de esta investigación fue estudiar 
parámetros de la arquitectura del sistema radical y de vástago 
de C. alliodora durante el primer año de desarrollo. Las plantas 
fueron establecidas en el municipio de Pacho (Cundinamarca) 
a 2.150 msnm. Bajo el diseño de parcelas divididas con distri-
bución de bloques completos al azar con tres repeticiones, se 
evaluó en la parcela principal el sustrato (suelo, cascarilla y 
compost 2:1:1; suelo y cascarilla 3:2; suelo y cascarilla 3:1), y en 
la subparcela, el hongo de micorriza (sin hongo de micorriza, 
Kuklospora colombiana, Glomus manihotis y Acaulospora la-
cunosa). El tipo de sustrato afectó parámetros arquitecturales 
de raíz y vástago en C. alliodora, las plantas trasplantadas en 
suelo:cascarilla:compost 2:1:1 presentaron las mejores respues-
tas en los parámetros arquitecturales: diámetros de la base de 
la raíz (7,82 mm), número de raíces secundarias (48,4), peso 
seco de la raíz (5,38 g), número de hojas (47,33), peso seco de 
tallos (7,71g), longitud del vástago (72,64 g) y peso seco foliar 
(6,28 g) a los 384 días después del transplante. Considerando 
que no se aplicó fertilización a las plantas de nogal cafetero, 
los hongos de micorriza evaluados favorecieron una mejor 
utilización y aprovechamiento de los elementos minerales 
presentes en los sustratos. 
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Introduction

Globally, environmental policies and actions attempt to 
reduce key pressures on ecosystems, the environment and 
biodiversity, by incorporating strategies based on sustain-
able management of environmental goods and services 
and, the efficient use of natural resources. The Colombian 
forestry sector should strive to minimize the negative im-
pact of farming activities on forests and tree farms, and 
comply with the CONPES (2010) reforestation objectives to 

reduce the deforestation rate (15% annually). Therefore, the 
development of the forestry chain will ensure the sustain-
able production of forest trees and high quality products 
that meet the domestic demand and reduce the need to 
import these products (CONPES, 2010).

In the case of forest species used as timber such as Cordia 
alliodora (Ruiz et Pav.) Oken, farmers and forestry com-
panies have difficulties to obtain permanent production 
of high quality trees to ensure their commercialization, 
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because the environmental component is not included 
in the planning and development of production systems. 
Likewise, there are few studies about the plant growth 
from a dynamic and comprehensive aspect with a mor-
phological and ecological approach (Hallé et al., 1978; 
Perreta and Vegetti, 2005). These situations can often be-
come limiting factors for the establishment of plantations, 
whereas plant architecture is the result of the interaction 
between endogenous growth processes and the constraints 
exerted by the environment (Barthelemy and Caraglio, 
2007; Sussex and Kerk, 2001).

C. alliodora is a forest species used in agroforestry be-
cause it produces high quality wood, and is also used to 
provide shade for coffee plantations and pastures and for 
reforestation programs (Palomeque, 2009). In Colombia, 
Cordia alliodora is distributed in altitudes from 0 to 
2,000 m on the Pacific slope, and from 0 to 700 m on the 
Atlantic slope, with 422 ha planted with this species in 
the departments of Tolima, Santander, Cundinamarca, 
Risaralda, Magdalena, Cauca, Valle del Cauca, Meta and 
Nariño (Salazar et al., 2000).

In the context of plant architecture, aspects of plant 
growth and development related to the shape of the plant 
shoot and root system are considered. This is a dynamic, 
global approach to growth and is the result of the opera-
tion of the plant meristems in response to environmental 
conditions (Perreta and Vegetti, 2005; Barthelemy and 
Caraglio, 2007, Sussex and Kerk, 2001; Vester, 2002). The 
body of a plant is formed from repetitive morphogenetic 
processes that create fundamental architectural units: the 
cell, with its ability for division allows the establishment 
of the meristem. Architectural plant studies are related to 
fundamental concepts such as architectural modeling, ar-
chitectural unity and repetition. The architectural model 
expresses the overall growth strategy and is the set of axes 
that make up the body of the plant during its ontogeny 
(Perreta and Vegetti, 2005). The basic architectural unit 
structure, which allows the prescription of the plant’s body 
shape, is metamere, formed by the insertion node, the 
associated leaf (or leaves), the axillary bud, the internode 
and in many cases the roots (Perreta and Vegetti, 2005; 
Sussex and Kerk, 2001). Repetition is the process that al-
lows architectural units repeated partially or completely 
during ontogeny, in response to environmental condi-
tions, to build the plant body (Perreta and Vegetti, 2005; 
Barthelemy and Caraglio, 2007).

The aim of this work was to study parameters of shoot and 
root system architecture during the first year of development 

of Cordia alliodora plants grown in three substrates and 
inoculated with three mycorrhizal fungi from three iso-
lates of previously reported Glomeromycetes for soil in the 
Colombian coffee zone: Kuklospora colombiana (Instituto 
Venezolano de Investigaciones Científica – IVIC), Glomus 
manihotis (IVIC), Acaulospora lacunosa (IVIC) and a 
control. This architectural study on Cordia alliodora is a 
detailed and comprehensive approach to the development 
of the plant useful to propose management strategies for 
reforestation, forest production greenhouses, nurseries 
for the production of trees with excellent quality shafts, 
because it points to the best propagation technique, from 
among those compared in this study, to improve yield and 
mass production of high quality trees, considering that 
from the perspective of forest products, size and growth 
dynamics of the shoot and root system are determinants 
of the quality of the wood and the trees (Di Lucca, 1995; 
Garber et al., 2008; Moglia and Giménez, 2006).

Materials and methods

The present study on the root and shoot architecture of Cor-
dia alliodora (Ruiz et Pav.) Oken was carried out during the 
first year of the vegetative stage. The plants were established 
in the town of Pacho (Cundinamarca), Bambusa station, 
owned by Geoambiente, located at 2,150 m a.s.l., in the dry 
forest foothills, with an average annual rainfall of 1,500 
mm, temperature of 17.5°C and 75% relative humidity.

The experimental design was a split plot with distribution 
using a randomized complete block with three replica-
tions. Within the main plot, the substrate evaluated was: 
a mixture S1 soil: husk: compost in proportion 2:1:1 v/v/v, 
mixture S2 soil: husk in proportion 3:2 v/v mixture S3 soil: 
husk in proportion 3:1 v/v; within the subplot, we assessed 
mycorrhizal fungi: HM0 without mycorrhizal fungus, 
HM1 Kuklospora colombiana, HM2 Glomus manihotis 
and HM3 Acaulospora lacunosa. Each experimental unit 
consisted of 90 plants. Tab. 1 presents the physico-chemical 
properties of the tested substrates.

To establish the field test, C. alliodora seeds were sowed in 
peat. When the plants reached 8 cm in length they were 
transplanted to the substrates, with the application of 3 g 
of mycorrhizal fungi (per bag of homogenized substrate) 
according to the experimental design. Mycorrhizal fungi 
selected for the study came from three Glomeromycetes 
isolates previously which have been reported in soils of the 
Colombian coffee zone: Kuklospora colombiana (IVIC), 
Glomus manihotis (IVIC), Acaulospora lacunosa (IVIC), 
from a germplasm bank where they were propagated in 
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Brachiaria decumbens at the Laboratory of Soil-Plant In-
teractions of the Plant Biotechnology Group at Javeriana 
University. At 169 days after transplant (dat), the roots of 
the plants were pruned because the evaluated substrates 
promoted root growth and elongation pruning was done 
by taking the root from the substrate and cutting the third 
portion of the main root apex to the neck.

In the vegetative stage of C. alliodora (between 55 and 384 
dat) destructive sampling was applied, taking two random 
plants per experimental unit. In the Laboratory of Plant 
Physiology of the PUJ, we evaluated the parameters of the 

root and shoot architecture: diameter of the base of the 
root (BD), root length (RL), number of secondary roots 
(B2) (Arias, 2004), orientation angle of the B2 ramifica-
tion with respect to B1 (ROA) (Fig. 1a), root dry weight 
(RDW), leaf dry weight (LDW) and shoots dry weight 
(SDW), placing samples of organs in a drying oven for 48 
h at 35°C, and then recording the dry weight (Hunt et al., 
2002), root growth (RG) using the methodology proposed 
by Arias (2004), root form (RF) (Becerra et al., 2002), 
sinuosity (S) by means of observation and comparison 
with a predefined pattern: high (3), middle (2), low (1) or 
none (0) (Fig. 1c ) (Arias, 2004), lignification (L) in the 

TABLE 1. Results of substrate physico-chemical analysis (IGAC).

Substrate
Granulometry

pH MS
(%)

EC
(dS m-1)

OC
(%)

CEC EA Ca Ma
Sand
(%)

Lime
(%)

Clay
(%) Cmol+ Kg-1

Soil: husk: compost 2:1:1 47.0 27.6 25.4 6.9 - 5.2 4.0 51.4 - 23.6 11.1
Soil- husk 3:2 43.4 27.3 29.3 5.5 2.2 0.4 5.2 34.9 0.3 7.9 2.8
Soil- husk 3:1 14.2 29.4 29.4 5.5 2.4 0.2 4.1 33.1 0.3 8.0 3.0

Substrate
K Na Mn

(mg L-1)
Fe

(mg L)
Zn

(mg L-1)
Cu

(mg L-1)
B

(mg L-1)
N-NH4

(mg L-1)
N-NO3

(mg L-1)
P

(mg L-1)
SB
(%)Cmol+ Kg-1

Soil: husk: compost 2:1:1 15.5 4.1 40.0 232 34.6 3.0 3.1 9.1 75.5 425 SAT
Soil- husk 3:2 1.5 0.7 12.0 150 7.7 1.3 0.6 5.4 3.7 42.4 36.8
Soil- husk 3:1 1.2 0.1 28.0 185 7.4 1.1 0.9 7.2 6.3 40.2 37.1

The methods used for these analyses were: pH with saturation paste, exchangeable aluminum (EA) in cmol+ kg-1 with KCl, cation exchange capacity (CEC) in cmol+ kg-1 with 1N ammonium and 
neutral acetate, organic carbon (OC) in % by Walkley-Black, N-NH4 ammonia and N-NO3 in mg L-1 with KCl 2N, available phosphorus (mg L-1 by Bray II; K, Ca, Mg, Na in cmol+ kg-1 of ammonium 
acetate, Fe, Mn, Zn, Cu, B mg L-1 by extraction with DPTA. Moisture saturation (MS); electrical conductivity (EC); i cation contents in the soil (SB).

FIGURE 1. A) Root orientation angle (secondary root) measurement with respect to the root (main) by using an angle meter; B) lignification pattern 
in the main root; C) sinuous pattern in the root, D) measurement method of the leaf angle in C. alliodora plants.
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tissues of the root with the previously established pattern 
of lignification (Fig. 1b) (Becerra et al., 2002), the root 
orientation (RO) (Arias, 2004), shoot length (SL), leaf 
orientation angle (LOA) with leaf angle meter (Fig. 1d), 
leaf length (LL), number of leaves (NL), ramification (R) 
according to the spatial organization of secondary axes 
(branches) (Sussex and Kerk, 2001; Perreta and Vegetti, 
2005; Barthélémy and Caraglio, 2007), phyllotaxy (P) 
(Valla, 2005; Barthélémy and Caraglio 2007), growth 
type (GT) according to the pattern of activity of the shoot 
apical meristem (Sussex and Kerk, 2001; Vester, 2002; 
Barthélémy and Caraglio, 2007).

The statistical analyses were conducted in SAS software, 
the assumptions of normality and homogeneity of vari-
ances of the data were checked; because the variables NL, 
LOA, RL, ROA and RDW did not meet the assumption of 

TABLE 2. Results of analysis of variance for C. alliodora root architecture parameters.

FV DF BD1 BD2 BD3 BD4 BD5 BD6 BD7 BD8 BD9
S 2 0.24 NS 7.69** 37.48** 69.78** 49.53** 102.81** 10.48** 61.84** 53.91**
MF 3 0.007 NS 0.058 NS 0.45 NS 0.030 NS 2.00 NS 0.84 NS 3.68 NS 0.68 NS 3.90 NS

S*MF 6 0.076 NS 0.12 NS 0.12 NS 0.52 NS 0.31 NS 0.10 NS 2.49 NS 0.78 NS 0.73 NS

M 1.62 1.86 2.39 3.09 4.53 4.36 5.30 5.06 6.18
R2 0.18 0.65 0.75 0.77 0.60 0.82 0.74 0.69 0.62
CV 17.58 20.61 28.13 27.37 24.24 19.90 22.17 19.70 19.60
FV DF RL1 RL2 RL3 RL4 RL5 RL6 RL7 RL8 RL9
S 2 1.55* 5.62** 7.44** 7.94** 0.74 NS 2.49 NS 0.76 NS 0.19 NS 1.40 NS

MF 3 0.15 NS 0.24 NS 0.07 NS 0.22 NS 0.46 NS 0.69 NS 0.17 NS 0.15 NS 0.27 NS

S*MF 6 0.23 NS 0.048 NS 0.35 NS 0.42 NS 0.52 NS 0.26 NS 0.14 NS 0.18 NS 0.22 NS

M 3.80 4.38 5.30 5.55 5.37 5.71 5.98 5.87 5.40
R2 0.37 0.40 0.39 0.39 0.33 0.33 0.19 0.14 0.14
CV 12.53 13.12 14.05 12.82 8.99 9.92 7.93 9.85 14.02
FV DF (B2)1 (B2)2 (B2)3 (B2)4 (B2)5 (B2)6 (B2)7 (B2)8 (B2)9
S 2 192.76 NS 2686.79** 4991.07** 9677.92 NS 375.90 NS 4788.20** 407.75* 852.35 NS 1611.96*
MF 3 64.40 NS 69.83 NS 444.63 NS 149.31 NS 18.71 NS 125.18 NS 22.32 NS 657.74 NS 204.96 NS

S*MF 6 110.28 NS 152.04 NS 223.97 NS 350.51 NS 135.04 NS 177.80 NS 135.85 NS 275.02 NS 243.48 NS

M 24.59 29.83 42.52 52.69 23.16 47.45 20.98 52.81 39.25
R2 0.36 0.52 0.47 0.55 0.20 0.46 0.39 0.21 0.26
CV 34.37 34.42 39.12 33.61 46.14 32.12 36.52 35.28 42.07
FV DF ROA1 ROA2 ROA3 ROA4 ROA5 ROA6 ROA7 ROA8 ROA9
S 2 0.52 NS 0.027 NS 0.31 NS 0.31* 1.11 NS 0.21 NS 0.32 NS 0.20 NS 3.39*
MF 3 0.19 NS 0.09 NS 0.027 NS 0.004 NS 0.77 NS 0.28 NS 0.03 NS 0.36 NS 0.08 NS

S*MF 6 0.14 NS 0.064 NS 0.029 NS 0.024 NS 0.92 NS 0.18 NS 0.29 NS 0.27 NS 1.00 NS

M 4.74 4.97 4.94 4.76 4.03 4.19 3.69 3.94 5.81
R2 0.25 0.33 0.10 0.30 0.27 0.19 0.34 0.30 0.42
CV 7.92 5.08 4.73 4.82 12.29 11.63 12.44 12.86 10.11
FV DF RDW1 RDW2 RDW3 RDW4 RDW5 RDW6 RDW7 RDW8 RDW9
S 2 0.001 NS 0.084** 0.92** 2.62** 1.82** 3.66** 10.91** 3.52** 4.71**
MF 3 0.0007 NS 0.0009 NS 0.001 NS 0.003 NS 0.04 NS 0.19 NS 0.098 NS 0.69 NS 0.23 NS

S*MF 6 0.001 NS 0.0018 NS 0.003 NS 0.024 NS 0.027 NS 0.26 NS 0.085 NS 0.67 NS 0.12 NS

M 0.17 0.22 0.35 0.55 0.93 1.06 1.48 1.64 1.82
R2 0.16 0.47 0.64 0.77 0.47 0.58 0.87 0.46 0.59
CV 22.01 26.83 39.80 29.94 29.37 32.23 16.50 32.76 21.24

BD, basal diameter; RL, root length; B2, secondary root; ROA, root orientation angle; RDW, root dry weight; 1, 55 dat; 2, 82 dat; 3, 110 dat; 4, 138 dat; 5, 224 dat; 6, 258 dat; 7, 321 dat; 8, 349 dat; 
9, 384 dat. S, substrate; MF, mycorrhizal fungus. NS, not significant; * significant difference (P≤0.05); ** significant difference (P≤0.01), for the Duncan test applied to rows.

normality, the following changes were made: NL0.7, LOA1.5, 
√RL, ROA0.4 and √RDW. Analysis of variance was carried 
out on the parameters BD, RL, B2, ROA, RDW, LOA, 
SL and LDW, LL, SDW, NL. For those parameters that 
showed significant differences (P≤0.05) due to the effects 
of the substrates or mycorrhizal fungi, Duncan’s test was 
applied for comparison of means. For variables RG, RF, S, 
L, RO, R, P and GT, a qualitative description was made of 
the obtained results.

Results and discussion

Significant differences were recorded for BD, RL, B2, ROA, 
RDW, SL and LDW substrate, while the interaction between 
mycorrhizal fungi and the substrate: mycorrhizal fungus 
did not show an effect on the evaluated parameters (Tabs. 
2 and 3).
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TABLE 3. Results of analysis of variance for parameters of shoot architecture in C. alliodora.

FV DF SL1 SL2 SL3 SL4 SL5 SL6 SL7 SL8 SL9
S 2 10.32** 119.27** 1042.98** 4884.38** 4398.77** 12557.25** 10131.44** 13457.66** 13478.23**
MF 3 0.23 NS 0.56 NS 3.25 NS 13.93 NS 372.23 NS 29.03 NS 120.39 NS 61.19 NS 123.49 NS

S*MF 6 0.83 NS 1.04 NS 3.88 NS 20.56 NS 127.23 NS 77.16 NS 27.79 NS 67.47 NS 95.11 NS

M 5.44 7.43 10.93 16.50 22.03 27.12 35.69 34.81 46.27
R2 0.23 0.60 0.75 0.88 0.43 0.92 0.85 0.85 0.75
CV 21.26 22.03 30.79 27.44 64.69 20.82 21.06 24.03 26.17
FV DF LOA1 LOA2 LOA3 LOA4 LOA5 LOA6 LOA7 LOA8 LOA9
S 2 6036.51 NS 26770.63** 518.46 NS 88351.44** 4572.81 NS 32217.87 NS 40351.80 NS 180616.35** 2104242.52**
MF 3 2303.61 NS 1206.54 NS 3.82 NS 1769.70 NS 2830.33 NS 8998.97 NS 14500.24 NS 8302.67 NS 365014.15 NS

S*MF 6 1773.45 NS 1903.79 NS 287.68 NS 540.64 NS 2141.56 NS 17991.71 NS 14963.72 NS 4537.74 NS 166672.55 NS

M 94.64 40.54 7.58 57.84 47.03 265.78 450.55 3.88.15 1166.10
R2 0.083 0.37 0.083 0.69 0.11 0.09 0.21 0.33 0.40
CV 65.74 102.51 253.44 69.07 109.47 50.63 22.17 37.65 32.23
FV DF LDW1 LDW2 LDW3 LDW4 LDW5 LDW6 LDW7 LDW8 LDW9
S 2 0.010** 0.37** 6.24** 22.23** 23.80** 34.07** 64.91** 36.43** 59.58**
MF 3 0.0006 NS 0.009 NS 0.0080 NS 0.14 NS 0.96 NS 0.60 NS 2.41 NS 0.69 NS 15.91 NS

S*MF 6 0.0010 NS 0.0071 NS 0.012 NS 0.19 NS 0.75 NS 0.54 NS 0.92 NS 0.73 NS 2.67 NS

M 0.04 0.13 0.43 0.78 1.60 1.40 2.26 1.80 3.79
R2 0.32 0.55 0.63 0.76 0.70 0.71 0.63 0.59 0.52
CV 69.35 74.13 81.22 56.85 49.96 47.62 49.72 50.71 47.18
FV DF LL1 LL2 LL3 LL4 LL5 LL6 LL7 LL8 LL9
S 2 10.38** 56.65** 140.89** 255.82** 107.67** 45.99** 3.95 NS 4.18 NS 9.15**
MF 3 0.16 NS 1.18 NS 0.62 NS 1.95 NS 0.026 NS 3.72 NS 0.82 NS 4.17 NS 7.61 NS

S*MF 6 1.14 NS 1.27 NS 0.31 NS 2.30 NS 1.30 NS 2.77 NS 10.44 NS 4.22 NS 8.00 NS

M 2.61 3.87 4.81 6.10 6.51 7.25 8.89 8.97 8.19
R2 0.45 0.71 0.87 0.86 0.67 0.41 0.063 0.10 0.36
CV 26.01 22.17 16.69 18.81 19.81 210.02 19.86 22.04 19.73
FV DF SDW1 SDW2 SDW3 SDW4 SDW5 SDW6 SDW7 SDW8 SDW9
S 2 0.00075 NS 0.015** 0.50** 3.81** 11.71** 39.45** 153.65** 110.57** 281.32**
MF 3 0.000027 NS 0.00032 NS 0.0021 NS 0.0099 NS 0.73 NS 0.694 NS 0.84 NS 1.17 NS 24.74 NS

S*MF 6 0.00042 NS 0.00015 NS 0.0013 NS 0.018 NS 0.53 NS 0.094 NS 0.48 NS 0.60 NS 6.79 NS

M 0.019 0.039 0.13 0.30 0.63 1.04 2.21 1.08 3.78
R2 0.15 0.52 0.56 0.74 0.64 0.87 0.86 0.71 0.71
CV 38.90 54.90 90.69 68.36 75.59 39.82 39.89 56.36 53.34
FV DF NL1 NL2 NL3 NL4 NL5 NL6 NL7 NL8 NL9
S 2 5.07** 18.75** 17.46** 41.86** 36.44** 110.97** 216.32** 109.85** 339.97**
MF 3 0.61 0.31 0.27 14.52 3.51 3.74 10.81 1.30 19.98 NS

S*MF 6 0.33 NS 0.43 NS 0.17 NS 0.53 NS 1.78 NS 4.71 NS 10.25 NS 7.28 NS 37.74 NS

M 3.28 4.31 5.14 5.34 6.19 6.74 7.34 5.37 10.46
R2 0.36 0.53 0.50 0.63 0.36 0.46 0.52 0.39 0.62
CV 17.45 16.99 15.11 16.76 25.77 30.94 35.66 40.54 32.50

SL, shoot length; LOA, leaf orientation angle; LDW, leaf dry weight; LL, leaf lenght; SDW, shoot dry weight; NL, number of leaves; 1, 55 dat; 2, 82 dat; 3, 110 dat; 4, 138 dat; 5, 224 dat; 6, 258 dat; 
7, 321 dat; 8, 349 dat; 9, 384 dat. S, substrate; MF, mycorrhizal fungus. NS, not significant; * significant difference (P≤0.05); ** significant difference (P≤0.01), for the Duncan test applied to rows.

Effect of the substrate on the root and shoot 
architecture parameters in C. alliodora
The Duncan test generally defined two groups for pa-
rameters: BD, RL, B2, ROA, RDW, SL, LOA, LDW, LL, 
SDW and NL; group A for mixture soil: husk: compost 
and group B for mixtures soil: husk 3:2 and soil: husk 
3:1 (Tab. 4).

C. alliodora plants planted in soil:husk:compost had high-
er base diameter, longer roots, higher number of second-
ary roots, greater root dry weight during the evaluation 

period in comparison to soil: husk 3:2 and soil: husk 3:1 
(Fig. 2); the mixture of soil: husk: compost possibly con-
tributed more to establish favorable conditions for the 
growth of plants, containing compost, which is an organic 
product that contains a high content of essential mineral 
elements (Tab. 1) such as N-NH4 (9.1 mg L-1), N-NO3 (75.5 
mg L-1), phosphorus (425 mg L-1), magnesium (11.1 cmol+ 
kg-1), potassium (15.5 cmol+ kg-1) which have positive ef-
fects on growth and development of C. alliodora plants 
(Shiralipoudre et al., 1992; Saeboa and Ferrini, 2006; 
Fageria et al., 2008).
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Compost is a product used in urban areas for the recovery 
of degraded soils, containing organic compounds such 
as humic and fulvic acids that remain in the soil after 
degradation of organic matter and influence positively 
biological processes in the soil. The soil structure signifi-
cantly improves with the application of compost, since it 
increases porosity and the water retention capacity, which 
favors development of the root apical meristem, facilitates 
the penetration of the root and increases the capacity of 
soil water storage. In addition to root growth, it increases 
the absorption and transport of nutrients, which leads to 
improve nutritional status of plants (Saeboa and Ferrini, 
2006; Shiralipoudre et al., 1992).

Changes in the RL, B2, RDW, and BD parameters were 
determined by organogenesis and morphogenetic events 

which allow the establishment of the root of C. alliodora 
plants (Sussex and Kerk, 2001; Vester, 2002; Barthélémy and 
Caraglio, 2007; Perreta and Vegetti, 2005). These changes 
occurred in two successive stages of root growth (Fig. 2), 
the logarithmic phase that occurred between 55 and 82 dat 
and was characterized by an increase in the speed of B1 
and B2 root growth and accumulation of root dry weight. 
With time, at this stage, organogenesis was the result of the 
operation activity of the undifferentiated cells of the root 
apical meristem, likewise at this stage, lateral ramification 
of the root began (Barthélémy and Caraglio, 2007; Lynch, 
1995). In the second phase, with exponential growth of the 
root, which occurred between 82 and 384 dat, processes 
related to the ramification of the root continued. On aver-
age, there were 20 B2 roots, determining the root polytomy 
(Barthélémy and Caraglio, 2007; Perreta and Vegetti, 2005; 

TABLE 4. Effect of the substrate on the root and shoot architecture parameters in C. alliodora.

Substrate SL LOA LDW LL SDW NL

Soil:husk:compost (55-384 dat) a (55-384 dat) a (55-384 dat) a (55-384 dat) a (55-384 dat) a (55-384 dat) a
Soil:husk  (55-384 dat) b (55-384 dat) a (55-384 dat) b  (55-384 dat) b (55-384 dat) b (55-384 dat) b
Soil:husk (349-384 dat) bc (321-384 dat) ab (384 dat) bc (321-384dat) ac (55-384 dat) b (384 dat) bc
Substrate BD RL B2 ROA RDW

Soil: husk:compost (55-384 dat) a (384 dat) ab (55-384 dat) a (55-384 dat) a (55-384 dat) a

Soil:husk (55-384 dat) b
(224 dat) ab;

(258-384 dat) a
(349-384 dat) ab (55, 138 dat) ab (55dat) ab

Soil:husk (258-321 dat) bc (349-384 dat) ba
(258 dat) bc;
(349 dat) a

(82,110, 258,349 dat) a;
(55, 224384 dat) b

(55 dat) a; (82, 110, 349 dat) b; 
(138-321, 384 dat) c

SL, shoot length; LOA, leaf orientation angle; LDW, leaf dry weight; LL, leaf lenght; SDW, shoot dry weight; NL, number of leaves; BD, basal diameter; RL, root lenght; B2, secondary roots; RDW, 
root dry weight. Means in the same column followed by the same letter are not significantly different according to Duncan’s test (P≤0.05).

Ro
ot

 w
ei

gh
t r

oo
t (

g)
 

Day after transplantion 

55 82 110 138 224 258 321 349 384 
0 

1 

2 

3 

4 

5 

6 

10 
20 
30 
40 
50 
60 
70 
80 

Nu
m

be
r s

ec
on

da
ry

 ro
ot

s 
(B

2)
 

Day after transplantion 

55 82 110 138 224 258 321 349 384 

10 
15 
20 
25 
30 
35 
40 
45 

Ro
ot

 le
ng

ht
 (c

m
) 

55 82 110 138 224 258 321 349 384 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

55 82 110 138 224 258 321 349 384 

Di
am

et
er

 b
as

e 
ro

ot
 (m

m
) 

Soil: husk: compost 2:1:1 Soil: husk 3:2 Soil: husk 3:1 

FIGURE 2. Root architecture parameters in C. alliodora as affected by the substrate. 
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Lynch, 1995). At 224 dat (Fig. 2), there was a reduction of 
the parameters related to the extension and ramification 
of the root: mainly RL and B2, caused by root pruning, a 
practice that was necessary considering the excessive root 
growth of C. alliodora plants.

In the substrate soil: husk: compost 2:1:1, the reduction 
in RL and B2 was highly significant. This is explained 
because this substrate led to greater root growth between 
52 and 138 dat. therefore, root pruning at 169 dat allowed 
a larger proportion of root reduction in comparison to the 
other tested substrates. Likewise, the plant required more 
time to recover from this management technique, whereby 
the RL at 384 dat was lower than the other treatments. 
According to several authors, root pruning is a nursery 
technique that allows control of the root growth pattern. 
It is usually used to increase the survival of transplanted 
trees. Root pruning has an important potential to control 
the root system growth at a relatively small volume and 
to increase the number of hairs (Low et al., 2011; Watson 
and Davis, 1987). Gilman (1992) states that each plant 
species has a determined characteristic shoot/root ratio; 
when changing the ratio with pruning techniques, the 
plant responds by redistributing the photo-assimilates to 
replace removed organs.

The angle of orientation of B2 with respect to B1 (ROA) and 
root orientation in C. alliodora were not generally affected 
by the substrates, so we can say that these specific param-
eters of root architecture are non plastic traits, that is, they 
are not influenced by the soil conditions (Chambell et al., 
2005; De Kroon et al., 2005; Sultan, 2003). The orientation 
of B1 was determined as orthogravitropic, considering that 
the extension of the taproot (B1) was positively guided by 
gravity, while the B2 axes were unevenly distributed about 

the B1 axis with orientation angles less than 83° (Tab. 5, 
Fig. 3), because the B2 axes originated from the main root 
and oriented with positive direction to gravity, as would 
gravitropics (Arias, 2004). 

The qualitative characteristics of the root growth response, 
root form and sinuosity were not influenced by the substrate 
type during the 384 dat; then, these traits were considered 
non-plastic (Chambell et al., 2005; De Kroon et al., 2005; 
Sultan, 2003). The B1 axis of the root showed undefined 
growth during the 384 dat. In general, the root architec-
ture parameters RL, BD and RDW increased between two 
successive samples (Fig. 2) (Arias, 2004; Barthélémy and 
Caraglio, 2007; Perreta and Vegetti, 2005). The root form of 
C. alliodora was defined as pivotal wherein the B1 axis was 
well differentiated, long and thick, and grew faster than the 
B2 roots (Fig. 3b). The sinuosity degree of B1 axis in the root 
of C. alliodora was not influenced by the substrates and was 
low until 110 dat and medium from 138 to 384 dat (Tab. 5).

Although, the degree of lignification of root axis B1 was not 
affected by the substrate, it increased through the vegetative 
stage; low until 55 dat, medium until 82 dat, and high until 
384 dat (Tab. 5); during the growth cycle of woody plants, 
the deposit of lignin in the cell walls is necessary. Lignin is 
a phenolic compound with functional significance for the 
plant because it confers mechanical support (structural 
rigidity and durability) to plant tissues, enhancing lignifi-
cation of the vascular elements and thereby increasing sap 
conduction, and it is also associated with the plant defense 
mechanisms (Boudet, 2000; Cervilla et al., 2009).

The shoot architecture parameters: length of shoot, leaf 
length, leaf dry weight and shoot dry weight, was influenced 
by the substrate, with the mixture soil: husk: compost 

TABLE 5. Description of the root and shoot architecture parameters of C. alliodora. 

Architectural parameter 55 dat 82 dat 110 dat 138 dat 224 dat 258 dat 321 dat 349 dat 384 dat

Orientation of the root Orthogravitropic
ROA (°) 49.65 55.52 54.66 49.94 33.68 36.97 27.11 32.08 83.81
BD (mm) 1.62 1.86 2.39 3.09 4.53 4.36 5.30 5.06 6.18
Lignification (%) Low (76) Medium (64) High (100) High (100) High (100) High (100) High (100) High (100) High (100)
Sinuosity Low (94) Low (92) Low (96) Medium (100) Medium (100) Medium (71) Medium (96) Medium (100) Medium (100)
Root growth Undefined
Root form Pivotal
LOA (%) 22.77 24.03 24.84 24.97 25.38 39.8651 59.28 52.01 108.34
Ramification Lateral
Growth type Undetermined. Continuous
Phyllotaxy alternating spiral 
No. of principle shafts 1
No. of secondary bud shafts 0 1 2 2 0.21 6.6 7.9 6.12 15.7

dat, days after transplantation.
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showing the highest readings (Tabs. 3 and 4) due to the 
presence of compost, an organic product that increases 
shoot biomass because it provides greater amounts of es-
sential nutrients N, P, K, Ca, Mg, S, Fe, Zn, Cu and Mn (Tab. 
1) for root and organ growth in C. alliodora (Saeboa and 
Ferrini, 2006); Rivero et al. (2004) argue that root growth 
increases stability of trees, because a larger volume of soil 
explored by the roots leads to a better nutritional status and 
less plant stress, likewise, compost improves the quality of 
soil organic matter, contributing to a higher content of hu-
mic compounds in the soil, maintaining a balance between 
the microorganisms present in the substrate (Rivero et al., 
2004; Pascual et al., 2002). Furthermore, this substrate 
contains rice husks, which provide better drainage and 
maintain a uniform temperature in the ground, ensuring 
uniform distribution of soil moisture and allowing good 
soil aeration (Rodríguez, 2007).

In the initial period of growth until 138 dat, shoot organs 
in C. alliodora plants form part of the organogenesis 
and extension morphogenetic processes of the shoot 
and leaves to form metamere, basic morphological units 
to shoot formation in C. alliodora (Perreta and Vegetti, 
2005; Volkenburgh, 1999). According to Barthélémy and 
Caraglio (2007), in the active growth phase (logarithmic), 
the shoot apical meristem develops new leaves and shoots, 
which then elongate to form metamere. Subsequently, 
between 138 and 384 dat, the processes of overlapping 
and reiteration in metamere allow the construction of 
the shoot growth model in C. alliodora (Fig. 3) (Perreta 
and Vegetti, 2005).

During leaf ontogeny, the orientation angle of the leaves 
was aff ected by the substrates (Tabs. 3 and 4) with the 
mixture soil: compost: husk having the highest infl uence; 
the compost probably promoted greater accumulation of 
organic compounds in the leaves, which increased the LOA 

(Saeboa and Ferrini, 2006). Between 55 and 384 dat, leaf 
lamina development events occurred. As the growth cycle 
of the plants unfolded, dry matter was translocated and 
accumulated in the leaves as processes of cell division and 
expansion which are essential for the formation of leaf bio-
mass. Th erefore, an increase in LDW was also seen (Fig. 4), 
leading to the leaves descending due to increased biomass, 
hence, the leaf angle with the horizontal line increased as 
the leaves were growing (Volkwnburg, 1999).

During the 384 dat evaluated, the architectural pattern of 
C. alliodora corresponds to the “Fagerlind” model proposed 
by Vester (2002) for Cordia, which is characterized by a 
single sympodial orthotropic axis with continued growth 
and the LOA was plagiotropic with angle orientations of 
108° on average for the 384 dat.

C. alliodora presented lateral ramifi cation, with the pres-
ence and organization of secondary axes towards the apex 
of the shoot, the leaf arrangement along the principle 
axis or phyllotaxy was determined as alternating spiral 
because at each metamere, a leaf is inserted at each node, 
in an alternating spiral arrangement along the principal 
axis (Fig. 3, Tab. 5). According to the pattern of activity 
of the apical meristem shoot in C. alliodora, the growth 
rate was established as indeterminate and continuous, i.e. 
the apical meristem of the shoot did not transform into 
another structure (infl orescence, tendril, parenchyma 
ball, etc.) that would stop the growth of the plant, con-
stant shoot growth was observed throughout the evalua-
tion period of 384 dat (Fig. 3) (Vester, 2002; Perreta and 
Vegetti, 2005; Barthélémy and Caraglio, 2007; Moglia 
and Giménez, 2006).

Effect of interaction substrate:mycorrhizal 
fungus on the root and shoot architecture 
parameters in Cordia alliodora
In the interaction of the three substrates: mixture soil: 
husk: compost 2:1:1, soil: husk 3:2 and soil: husk 3:1 with 
mycorrhizal fungi: HM0 (without mycorrhizal fungus), 
Kuklospora colombiana, Glomus manihotis and Acaulos-
pora lacunosa no statistical diff erences were seen for any of 
the variables from the root and shoot architecture evaluated 
during the 384 dat, because the eff ects of the application of 
mycorrhizal fungi did not invoke an immediate response 
in the architectural parameters evaluated (Tabs. 2 and 3); 
however, it is important to highlight the advantages of the 
use of mycorrhizal fungi in agroforestry systems: the use 
of arbuscular mycorrhizae in tree farms and agricultural 
systems contribute to mineral nutrient uptake by the plant 
due to a greater volume of rhizosphereic soil due to myco-
rrhizal hyphae (Schuler et al., 2001).

FIGURE 3. Architecture of shoot (a) and root (b) of C. alliodora at 82 
(left) and 349 (right) dat, respectively.

A B
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Because no fertilizer was applied to the plants, the results 
indicate that the evaluated mycorrhizal fungi promoted 
a better use and development of mineral elements pres-
ent in the substrates. Therefore, for sustainable use and 
management of resources in production systems, the use 
of mycorrhizal fungi is important, which are highly ef-
fective in compensating for the reduction or removal of 
chemical inputs. Similarly, more mobile ions present in 
the soil solution such as NO3, P, Zn, Cu and Mo, and to a 
less extent K and S, are more readily available to the plant 
as a result of mycorrhizae. The absorption of less mobile 
mineral elements depends on the area of soil encompassed 
by the roots of the plant; in this case, mycorrhizal roots 
have advantages over non-mycorrhizal roots because the 
external mycelium extends farther than the root hairs 
(Guerra, 2008).

Root and shoot architectural parameters of C. alliodora 
plants presented in the first two stages of plant growth 
curves: a logarithmic phase that occurred until 138 dat for 
BD, RL, RDW, until 224 dat for SDW, until 321 dat for NL, 
until 224 dat for SL and until 258 dat for LDW; subsequently 
an exponential growth stage for these variables occurred 
until 384 dat (Figs. 5 and 6).

In general, plants grown in the substrate soil: husk: compost 
interacting with Kuklospora colombiana, Glomus manihotis 
and Acaulospora lacunosa presented higher averages than 

other interactions. Studies conducted to evaluate the effect 
of combined application of organic substrates and mycor-
rhizal fungi on plant growth claim that organic substrates 
favor mycorrhizal association (Franco et al., 2008; Cuenca 
et al., 2007; Maciel et al., 2002; Wang and Yong-Shi, 2008), 
leading to changes in the root structure with more numer-
ous, longer lateral roots (De Luca et al., 2007; Blanco and 
Salas, 1997; Calderón et al., 2000). Redel et al. (2006) and 
Maciel et al. (2002) state that the use of mycorrhizal fungi 
provides nutritional benefits to the plant when there is an 
application of chemical fertilizers, which are reflected in 
higher growth. This is confirmed by Donoso et al. (2008) 
who also clarifies that the use of mycorrhizae with the ap-
plication of an organic fertilizer such as compost greatly 
favors growth.

The parameters B2 and RL increased up to 138 DAT due 
to the evaluated interaction substrate:mycorrhizal fungus, 
however at 224 dat they degreased as a result of root prun-
ing on the C. alliodora plants (Fig. 5).

The types of ramification and phyllotaxy of Cordia alliodora 
were not affected by the interaction substrate: mycorrhizal 
fungus, which is considered as non-dynamic parameter, 
the phyllotaxy was determined as lateral (Fig. 3) and the 
type of growth in accordance with the pattern of activity 
in the apical meristem was established as indeterminate 
and continuous (Palacio and Rodríguez, 2007).

FIGURE 4. Shoot architecture parameters in C. alliodora as affected by the substrate. 
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Conclusions

The substrate type affected the response of the shoot and 
root architecture parameters of C. alliodora, with the 
mixture soil: husk: compost (2:1:1) having contributed to 

the best conditions for growth and development of the 
plants. The application of the mycorrhizal fungi Kuklospora 
colombiana, Glomus manihotis and Acaulospora lacunosa 
did not affect the shoot and root architecture parameters 
of C. alliodora.

FIGURE 5. Root architecture parameters of C. alliodora as effected by the interaction substrate: mycorrhizal fungus: S1, soil: husk: compost 2:1:1; 
S2, soil: husk 3:2; S3, soil: husk 3:1; HM0, no fungus; HM1, Kuklospora colombiana; HM2, Glomus manihotis; HM3; Acaulospora lacunosa. 
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