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Initial shoot development and root architecture of citrus rootstocks
Desenvolvimento inicial de parte aérea e arquitetura de raiz de
porta-enxertos de citros
Maria Aparecida da Cruz1*; Deived Uilian de Carvalho1; Denis Santiago da Costa2;
Ronan Carlos Colombo3; Camilla de Andrade Pacheco4; Zuleide Hissano Tazima5;
Carmen Silvia Vieira Janeiro Neves6
Abstract
A well-developed root system is a very important characteristic of rootstocks. Initial plant characterization
is a potential technique to highlight cultivars with desirable root architecture for the diversification of
rootstocks in the national citriculture. Thus, the aim of this study was to evaluate the initial shoot
development and root architecture of citrus cultivars used as rootstocks. Seeds from five rootstocks,
‘Cleopatra’ mandarin, ‘Rangpur’ lime, ‘Rough’ lemon, ‘C13’ and ‘Troyer’ citranges, were sown in
black polyethylene bags. A completely randomized block design with five replications and one plant per
plot was applied. At 30 and 45 days after emergence, shoots and roots were collected for analysis. Shoot
analysis measured the total number of leaves, leaf area, stem diameter, plant height, and fresh and dry
matter weights. Root analysis evaluated fresh and dry matter weights and root architecture by image
analysis, which recorded root traits including primary, secondary, and tertiary root numbers; length and
total volume; and the percentage of secondary roots present in the upper third of the primary root. Shoot
and root data of fresh and dry weights were submitted to variance analysis and compared using Tukey’s
test (5%). The remaining root data were standardized for variance 1 and studied through principal
component analysis. The ‘C13’ citrange showed good shoot development, with greater leaf area, plant
height, stem diameter, and shoot fresh and dry matter weights during both evaluation periods, followed
by the ‘Troyer’ citrange. The ‘Cleopatra’ mandarin had the smallest shoot and root development during
both evaluation periods, presenting lower primary root, secondary root, and root volume than other
cultivars evaluated at the same time. The ‘Troyer’ citrange had fewer roots in the upper third of the
primary root and a higher root insertion angle.
Key words: Initial plant characterization. Root system. SmartRoot.

Resumo
Um sistema radicular bem desenvolvido é uma característica muito importante dos porta-enxertos. A
caracterização inicial das plantas é uma técnica que apresenta potencial para detecção de cultivares com
arquitetura desejável de raízes para uso na diversificação dos porta-enxertos da citricultura nacional.
Com isso, o objetivo do estudo foi avaliar o desenvolvimento inicial da parte aérea e a arquitetura de raiz
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de cinco cultivares de citros usadas como porta-enxertos. Sementes de cinco porta-enxertos, tangerina
‘Cleópatra’, limão ‘Cravo’, limão ‘Rugoso’, citrange ‘C13’ e ‘Troyer’, foram semeadas em sacolas
pretas de polietileno. Foi utilizado delineamento experimental de blocos inteiramente casualizados,
com cinco repetições e uma planta por bloco. Aos 30 e 45 dias após emergência a parte aérea e as raízes
foram coletadas para análise. As análises de parte aérea avaliaram número total de folhas, área foliar,
diâmetro do caule, altura da planta, massa fresca e seca. Análises de raízes avaliaram massa fresca
e seca e arquitetura de raízes por análise de imagem, que avaliou características como, número de
raízes primárias, secundários e terciárias, comprimento e volume total de raízes e porcentagem de raízes
secundárias presentes no primeiro terço da raiz principal. Os dados de parte aérea e massa fresca e seca
de raiz foram submetidos à análise de variância e comparados usando teste de Tukey (5%). O restante
dos dados de raiz foram padronizados para a variância 1 e estudados pela análise de componentes
principais. O citrange ‘C13’ apresentou bom desenvolvimento de parte aérea, com maior área foliar,
altura de planta, diâmetro de caule e massa fresca e seca de parte aérea em ambos períodos avaliados,
seguido pelo citrange ‘Troyer’. A tangerina ‘Cleópatra’ apresentou menor desenvolvimento radicular e
de parte aérea nos dois períodos avaliados, com menor desenvolvimento de raízes primárias, secundárias
e menor volume, comparada com as outras cultivares avaliadas no mesmo período. O citrange ‘Troyer’
apresenta poucas raízes no terço superior e maior ângulo de inserção das raízes.
Palavras-chave: Caracterização inicial de plantas. Sistema radicular. SmartRoot.

Introduction
Brazilian citrus production is well-known
worldwide, with Brazil being the largest orange
producer since the 1980s and the fourth largest
mandarin producer globally (FAO, 2015).
Rootstocks are very important because they influence
several aspects of plant development, including
plant growth and yield; disease and pest resistance;
and adaptation to environmental stresses. They also
affect internal fruit quality parameters, such as total
soluble solids, acidity levels, and vitamin C content
(BENJAMIN et al., 2013; MEDINA et al., 2005).
‘Rangpur’ lime (Citrus limonia Osbeck) is the
most common rootstock in the national citriculture.
It has been estimated that this specie represents
more than 85% of the rootstocks used in Brazil
owing to its tolerance to water stress, C. tristeza
virus resistance, compatibility with most canopy
cultivars, and good yield induction (ALMEIDA;
PASSOS, 2011; AULER et al., 2014; MOURÃO
FILHO et al., 2007). However, the susceptibility of
this cultivar to diseases, such as Citrus sudden death
associated virus and Phytophthora spp., the need to
improve fruit quality, and the risks of new diseases
and pest outbreaks that could easily spread over
the narrow genetic variability, has stimulated new

research to increase the number of suitable cultivars
for use as rootstocks in Brazil (BOVÉ; AYRES,
2007; POMPEU JUNIOR, 2005; POMPEU
JUNIOR; BLUMER, 2008).
Auler et al. (2008) found that ‘Cleópatra’
mandarin (C. reshni Hort. ex Tanaka) and ‘Troyer’
citrange (Poncirus trifoliate × C. sinensis Osb.)
were potential cultivars to substitute ‘Rangpur’
lime for ‘Valência’ orange canopy owing to good
yield induction of these rootstocks compared with
‘Rangpur’ lime. In addition, the ‘Troyer’ citrange
induced a low canopy with high productive
efficiency, which can allow the increase of plant
density by area. Other cultivars, such as ‘Rough’
lemon (C. jambhiri Lush.) and ‘C13’ citrange (C.
sinensis Osb. × P. trifoliate) also have the potential
to substitute ‘Rangpur’ lime because of their
resistance to diseases and good yield induction
(STENZEL et al., 2003). ‘C13’ citrange also induces
late fruit ripeness (POMPEU JUNIOR; BLUMER,
2014), which can be an advantage for the grower
who can offer fruits to the market at different times,
thus achieving better prices.
During citrus seedling growth, optimal
conditions of shoot and root formation are
desirable to guarantee that plants grow faster and
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are uniform to be used as high-quality rootstocks
(SARMIENTO et al., 2016). Among the desired
features of rootstocks, a well-developed root system
plays an important role in soil exploratory capacity,
anchorage, water and nutrient absorption, and
potential associations with arbuscular mycorrhizal
fungi (BACK et al., 2016; POMPEU JUNIOR,
2005). Optimum root systems lead to good shoot
growth and development because they serve as the
interface between the plant and the soil acquiring
water and nutrients (SÁNCHEZ-BLANCO et al.,
2014). Despite the overall importance of the root
system for plant development and yield, root traits
have rarely been investigated because of their size,
depth, and difficulty of manipulation, thus requiring
intensive labor to excavate and clean intact root
systems on a large scale (RYAN et al., 2016).
An alternative to better explore root traits in
plants is to use early detection techniques of potential
root architecture. Computer models and specific
software enable the identification of advantageous
root characteristics (GONÇALVES; LYNCH,
2014; HAUCK et al., 2015). In addition to the
advantage of faster characterization, image analysis
software is an important tool that breeders can use
to select plants with good root system architecture
and increase the agronomic performance of plants
(ZHU et al., 2011).
The plane image is used to capture and measure
several parameters of root architecture and is

strengthened by the fast development of low-cost
cameras and scanners that can acquire digital
images of high definition/resolution. Software
programs are requisite tools for root researchers
because they provide user-friendly procedures that
make it feasible to rapidly capture datasets without
significant mental fatigue (LE BOT et al., 2010).
Thereby, with the increase in demand for using
alternative cultivars as rootstocks, initial shoot
development and root system characterization is a
potential technique to highlight early differences
among cultivars that can allow the selection of
better cultivars in a rapid manner. Thus, the aim
of the present study was to evaluate the initial
shoot development and root architecture of citrus
rootstock cultivars.

Materials and Methods
Rootstock cultivars
Seeds from five citrus plants used as rootstocks
were obtained from the Seeds Germplasm Bank
of the Instituto Agronômico do Paraná, Brazil, on
September 14, 2016, and stored in plastic bags at
10 °C for 10 days until experiment installation on
September 24, 2016, to preserve the germination
physiological potential. The common and scientific
names and seed lot characteristics of each citrus
rootstock are presented in Table 1.

Table 1. Common name, scientific name, date of harvest, germination (Germ.), 1000 seeds weight (1000 SW), and
seed water content (WC) of the citrus rootstocks used in the study.
Common name
Scientific name
‘Cleopatra’ Mandarin
C. reshni Hort. ex Tanaka
‘Rangpur’ lime
C. limonia Osb.
‘Rough’ lemon
C. jambhiri Lush.
‘C13’ citrange
C. sinensis Osb. × Poncirus trifoliate
‘Troyer’ citrange
P. trifoliate × C. sinensis Osb.

Harvest
Germ. (%)
06/27/2016
40
05/14/2015
88
06/02/2016
96
06/02/2016
78
06/02/2016
79

1000 SW (g) WC (%)
102.79
30.46
62.26
28.01
97.97
43.33
177.08
32.21
237.16
33.74
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Seed sowing and seedling development
Initially, black polyethylene bags that had 51
holes drilled in the base and a 4.5 L capacity were
filled with a mixture of sand and medium texture
vermiculite in the ratio of 1:1 (v/v). The substrate
chemical and physical characteristics were 1.16 kg
L-1 of bulk density, water retention capacity of 1.19
mL L-1, pH of 7.46, and electrical conductivity of
89.33 µS cm-1.
Before sowing, the seeds were kept for 24 h
in an environment with 95% relative humidity
and 22.5 °C to standardize the initial water levels.
The moisture content was determined by the oven
method at 105 ° ± 3 °C for 24 h using two replicates
of ten seeds, following the methods described by the
Rules for Seed Analysis (BRASIL, 2009) and the
results were expressed in percentages. Three seeds
previously treated with captan-based fungicide
(Captan SC) were sown in each polyethylene bag
at an effective depth 2-fold the seed size. After the
sowing process, the bags were placed in a chapelshaped glass greenhouse, 5 m high and irrigated
twice a day. The mean temperature was 31.6 °C
during the evaluation period.
Experiment design
To characterize the citrus plants, a completely
randomized block design with five replications was
applied and the treatments were composed of
five citrus rootstocks; each normal seedling was
considered a plot in the present study. The normal
seedling was selected based on the methodology
applied in the plant nursery, retaining the most
vigorous seedling that probably corresponded to the
nucellar embryo, which is similar to the maternal
plant (ANDRADE et al., 2007).

Trait measurement
At 30 and 45 days after emergence (DAE) of
seedlings, shoots and roots were collected for
analysis. For shoot analysis, the seedlings were
cut at the substrate level and the data recorded
for total number of leaves (counting expanded
leaves), leaf area (by image analysis), diameter of
the stem (caliper graduated in mm), plant height
(ruler graduated in mm), fresh matter weight (mass
measurement on balance), and dry matter weight
(mass measurement on balance after shoot drying at
60 °C for 5 days).
For the root study, the black polyethylene bags
containing the roots were placed horizontally
under a sieve and the substrate was removed by
washing, under constant water flow, to expose the
roots without damage (GONÇALVES; LYNCH,
2014). The treatments were identified, and the
roots were placed in black trays with water. With
a digital photographic camera (Nikon D3100 with
18-55 mm lens, f/ 3.5, ISO 800, and 30 times optical
zoom), photographs were taken in the presence of
a scale. Subsequently, the images were analyzed in
ImageJ software by the SmartRoot plugin (Figure
1) (LOBET et al., 2011). The program recorded
root traits such as primary, secondary, and tertiary
root numbers; root length; and root total volume.
The percentage of secondary roots present in the
upper third of the primary root were determined by
counting. Fresh matter weight was analyzed by mass
measurement on a balance and dry matter weight by
mass measurement on a balance after shoot drying
at 60 °C for 5 days.
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Transpiration and photosynthesis of a plant and its microclimate characteristics essentially depend
on the absorbed solar radiation, which is conditioned by leaf area and its efficiency of interception of radiant
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energy. The reduction in the canopy leaf area determines an exponential decrease of solar radiation
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rootstocks also presents a delay in the beginning of production (POMPEU JUNIOR, 2005; POMPEU
JUNIOR; BLUMER 2014).
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PC2 (Equation 2) showed more positive values
than the other citrus rootstocks at 30 DAE for
‘Troyer’ and ‘C13’ citranges, and at 45 DAE for
‘Troyer’ citrange. As described previously, this new
component discriminates based on the root insertion
angle (ANGLE loading = 0.61) and percentage of
roots in the upper third (PERC loading = -0.46).
Both citranges at 30 DAE and the ‘Troyer’ citrange
at 45 DAE presented fewer roots in the upper third
of the primary root and a higher insertion angle,
indicating that these plants can explore the soil at
depth and more horizontally than others. Similar
behavior was observed by Dalal and Thakur (2011)
in the field, where the ‘Troyer’ citrange had an
intensive lateral root development growing at depth,
and presented a significant number of roots up to 60
cm depth and close to the trunk (0–75 cm). Owing
to its root system architecture, the ‘Troyer’ citrange
has the potential to increase plant density by area;
the depth and short root system will demand less
spacing and decrease competition between plants.
Furthermore, this cultivar produces a lower canopy,
with high productivity efficiency in relation to its
volume, which is a characteristic that allows good
levels of yield with an increase of plant density by
area (AULER et al. 2008).
Overall, ‘Rangpur’ lime presented inferior
performance compared to the other citranges
in the present study. Therefore, ‘Troyer’ and
‘C13’ citranges could be good alternatives as
substitutes for the ‘Rangpur’ lime rootstock for
citrus cultivation. Their characteristics of seedling
formation, resulting in an early rootstock formation
and their root architecture, exploring the soil in
depth and more horizontally than others, enables
them to increase plant density by area. Moreover,
‘Trifoliate’ orange rootstock and its hybrids, as
the citranges, have great potential to reduce the
canopy tree size (POMPEU JUNIOR, 2005), which
allows an increase in the number of trees per unit
of area, leading to a fast return to the grower on the
investment to establish the orchard (TAZIMA et al.,
2014).

Ryan et al. (2016) claimed that the shape and
function of roots of plants grown in the field could
be quite distinct from those of roots of plants
grown in pots owing to the physical, chemical, and
biological complexity of the soil, and environmental
conditions, including water and nutrient availability.
However, the capacity of the plant to adapt to the
environment will also be influenced by its genetic
characteristics, as can be seen in the present study,
where even being irrigated twice a day the citrange
roots spread deep into the soil. Neves et al. (2010)
studied citrus cultivation in different plantation
systems (tillage and conventional) and found that
the amount of roots and the effective depth of the
root system were not influenced by the different
systems. The citrus root system overcame the
differences imposed by the plantation system, in
which the soil from the conventional plantation
presented greater resistance to inter-row penetration
compared to the zero-tillage system.

Conclusions
- ‘C13’ and ‘Troyer’ citranges showed good
shoot development during the evaluation period.
- ‘Cleopatra’ mandarin showed smaller shoot and
root development during both evaluation periods.
- ‘Troyer’ citrange presented fewer roots in the
upper third of the primary root and a higher angle,
with the roots growing at a greater depth and more
horizontally than others.
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