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Brief Report
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Abstract

Citrus dwarfing viroid (CDVd) infection of navel orange trees (Citrus sinensis (L.) Osb.) on ‘Rich 16-6 trifoliate orange
(Poncirus trifoliata (L.) Raf.) rootstock has been previously reported to reduce canopy volume by approximately 50%. We
demonstrated that the reduction in tree size of CDVd-infected citrus resulted from a >20% reduction in the apical growth of
individual shoots within the tree canopy. We also demonstrated that the reduced canopy volume of the CDVd-infected trees is

a long lasting phenotype comparable to that of ‘Flying Dragon’ rootstock, which is known to reduce citrus tree size.
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Introduction

At present, seven citrus viroids have been identified,
and an eighth species awaits official recognition by the
International Committee on Taxonomy of Viruses
(Chambers et al. 2018; Di Serio et al. 2014). Citrus viroids
are capable of inducing a range of symptoms in specific
citrus hosts. In the bioindicator ‘Etrog’ citron (Citrus
medica L.) Arizona 861-S-1, citrus dwarfing viroid
(CDVd) induces moderate stunting, leaf epinasty, petiole
and midvein necrosis (Timmer et al. 2000). In commercial
citrus, CDVd typically induces mild symptoms such as tree
stunting with reduced canopy volume as reported for
Valencia and navel orange (C. sinensis (L.) Osb.) and
clementine (C. reticulata Hort. ex. Tan.) trees grown on
‘Rich 16-6’ trifoliate orange (Poncirus trifoliata (L.) Raf.)
rootstock, which in some cases expresses gummy pitting
and finger imprint symptoms (Semancik et al. 1997;
Verniére et al. 2004; Vidalakis et al. 2004; Vidalakis et al.
2011).

The CDVd infection of navel orange trees grafted on
‘Rich 16-6" rootstock, planted in 1998, was reported to
reduce tree canopy volume by approximately 50% after 13
years in the field (Vidalakis et al. 2011). To evaluate the
long-term CDVd effect on canopy volume, we measured
the same 1998-planted CDVd infected navel orange trees
after 20 years in the field. The canopy volume of CDVd-
infected trees was compared with the canopy volume of
two types of controls planted on the same experimental
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block: (i) non-infected navel orange trees on ‘Rich 16-6
trifoliate rootstock planted in 1998 and (ii) navel orange
trees grown on trifoliate rootstock ‘Flying Dragon’, which
is known to reduce tree size, planted in 1984 (Bitters et al.
1979; Davies and Albrigo 1994; Roose 1986). We
discovered that CDVd reduced the tree canopy volume by
more than 60% in comparison to the non-infected controls
and by approximately 6% in comparison to the ‘Flying
Dragon’ controls.

To understand how CDVd reduces canopy volume, we
surveyed the navel orange trees vegetative shoots for
length and apical growth. We initially measured the length
of five nodes, moving back from the tip of selected shoots,
and found a statistically significant difference between
CDVd-infected trees and non-infected controls. Next, we
surveyed the apical growth of selected shoots for two
spring flushes. We found that the apical growth of the
shoots of the CDVd-infected trees was significantly lower
by more than 20% (p< 0.01) than that of the non-infected
controls. There was no statistical difference in the length or
the apical growth of the measured shoots between CDVd-
infected trees and ‘Flying Dragon’ controls. The findings
of this study indicate that the effect of CDVd on length and
apical growth of vegetative shoots is likely to be the main
factor determining the observed reduction in overall citrus
tree canopy volume.
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Materials and Methods

Plant material and CDVd infection

This study was performed on various commercial
varieties of navel oranges used by the California citrus
industry at the time of tree planting over 20 years ago.

In the 1984 ‘Flying Dragon’ trifoliate rootstock trial
(used in this study as ‘Flying Dragon’ controls), eight trees
in total, two for each of ‘Parent Washington’, ‘Frost’,
‘Atwood’, and ‘Carter’ navel oranges, were propagated
and planted in the experimental block #41 at the University
of California, Agricultural and Natural Resources (UC-
ANR), Lindcove Research and Extension Center (LREC),
in Central California’s San Joaquin Valley (SJV).

In the 1998 CDVd trial, 37 ‘Parent Washington’ navel
orange trees were propagated on the commercially used
trifoliate orange cv. ‘Rich 16-6’ rootstock. At the time of
propagation, the rootstock of 29 of the 37 ‘Parent
Washington’ navel orange trees was graft-inoculated with
CDVd (GenBank AF18147) (used in this study as CDVd-
infected trees) and the remaining eight trees were not
inoculated with CDVd (used in this study as non-infected
controls) (Semancik et al. 1997; Vidalakis et al. 2011).
CDVd-infected and non-infected controls were planted in
the same LREC experimental block (#41) as the 1984
‘Flying Dragon’ rootstock trial trees. The trees in this study
were never pruned and all cutting tools for sample
collection were disinfected with 1% sodium hypochlorite
solution to avoid the accidental spread of CDVd
(Roistacher et al. 1969).

In 2018, all 45 trees in this study were tested for CDVd
by reverse transcription quantitative polymerase chain
reaction (RT-gPCR) and other graft-transmissible citrus
pathogens reported from California as previously described
(Li et al. 2006; Osman et al. 2017; Osman et al. 2015;
Vidalakis and Wang 2013; Vives et al. 2013; Wang et al.
2013; Yokomi et al. 2008).

Tree measurements and statistical analyses
Canopy volume

Tree height (H) and canopy spread (Sp) in two
directions were measured in the winter 2017-2018 and
2018-2019. Canopy volume (CV) was calculated as half of
prolate spheroid using the formula CV= 2/3wab? with a= H
and b= Sp/2 (Morse and Raobertson 1987; Serfontein and
Catling 1968; Vidalakis et al. 2011).

Length of shoots
The length of five (5) apical nodes from the tip of four

(4) citrus shoots, on the north (N) and south (S) side of each
of the CDVd-infected and non-infected controls, was
measured in winter 2015-2016. In the winter of 2017-2018
and 2018-2019, eight (8) citrus shoots (4 N and 4 S) of the
CDVd-infected, non-infected controls and ‘Flying Dragon’
controls were measured.

Apical growth of shoots
New growth (i.e. light green succulent tissues) of four
(4) vegetative shoots (2 N and 2 S) of each tree, were
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measured in spring 2016. To increase the sample size per
tree eight (8) vegetative shoots, (4 N and 4 S) of each tree,
were measured in spring 2018.

Statistical Analysis

Canopy volume, shoot length and apical growth data,
were analyzed by the Kruskal-Wallis one way analysis of
variance on ranks, followed by the all pairwise multiple
comparison procedures (Dunn’s method; at P= 0.05).
Analysis was performed using SigmaPlot 14.0 statistical
software package (SPSS Science, Chicago, IL).

Results

CDVd infection reduces canopy volume

Visual inspection of the 1998 CDV(d trial, navel orange
trees on ‘Rich 16-6’ rootstock, revealed that CDVd-
infected trees maintained their overall smaller size
compared to the non-infected controls 20 years after
planting (Vidalakis et al. 2011) (Figure 1).

Fig. 1. Effect of citrus dwarfing viroid (CDVd) on overall tree size.
CDVd-infected trees are noticeably small in size (left image) than non-
infected trees (right image). Graduate student was included in the image
to allow an effective visual comparison. Images were taken in January
2016.

Only CDVd was detected in the dwarfed trees by gPCR
and no other California reported graft-transmissible
pathogen of citrus was detected in any of the 45 trees tested
(Table 1).

Tree height (H), canopy spread (Sp) and canopy
volume (CV) of navel orange trees on ‘Rich 16-6’
rootstock infected with CDVd were significantly reduced
(p< 0.01), in comparison with the non-infected controls (H
by 23.3%; Sp by 29.6% and CV by 61.2%, respectively)
(Table 2 and Figure 1). The reduction of H, Sp and CV of
CDVd-infected trees in comparison to the ‘Flying Dragon’
controls was not statistically significant (p> 0.05) (H by
6.7%; Sp by 1.5%; and CV by 6.2%, respectively) (Table
2).

The estimated CV increase per year of the CDVd-
infected trees was approximately three times less than that
of the non-infected controls and similar to the ‘Flying
Dragon’ controls (Table 2).
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Table 1
Quantitative polymerase chain reaction (QPCR) testing of Navel orange on Poncirus trifoliata rootstock ‘Rich 16-6’ for citrus dwarfing viroid (CDVd) and
other California reported raft-transmissible pathogens of citrus.

Treatment gPCR (Cq)

Citrus trees n cbwvd Viroids Viruses Bacteria
CDVd-infected 58 27.11+0.80 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Non-infected control 16 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00
‘Flying Dragon’ control 16 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00
gPCR controls

Citrus gene 2 21.11+£0.72 19.63+£0.71 17.97 £0.75 19.61 + 0.66
Non-inoculated 4 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00
NTC 4 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00

Each value is the mean and standard deviation of quantification cycle (Cq) of two technical gPCR replicates of 29, 8 and 8 biological/tree replicates,
respectively. gPCR positive controls (n= 4): Citrus dwarfing viroid (23.86 + 0.85); Viroids: Citrus exocortis viroid (22.49 + 0.55), hop stunt viroid (20.59 +
0.79), citrus bark cracking viroid (22.85 + 0.64), citrus bent leaf viroid (24.11 + 0.75) and citrus viroid V (28.18 + 1.63); Viruses: Citrus tristeza virus (23.98
+ 0.25), citrus psorosis virus (25.64 + 0.10), citrus leaf blotch virus (23.02 + 0.02). Citrus vein enation virus testing was performed with conventional PCR and
amplicon had the expected size (425nt). Bacteria: Spiroplasma citri (31.60 + 0.14) and Candidatus Liberibacter asiaticus (24.37 + 0.21). Citrus gene: NADH.
NTC: No-template control.

Table 2
Effect of citrus dwarfing viroid (CDVd) on tree size of navel orange on Poncirus trifoliata rootstock.

Estimated Canopy

Treatment Pl\z;:;irng Height Spread \C/Z‘Hfr% Volume Increase per
Year After Field Planting
m % m % m® % mé
CDVd-infected 1998 58 2.31+0.03a 76.7 243+0.02a 704 719+0.16a 38.8 0.30
Non-infected control 1998 16 3.01+0.06b 100 345+0.05b 100 1855+0.80b 100 0.88
‘Flying Dragon’ control 1984 16 251+0.05a 834 248+0.10a 719 8.34+0.75ac 45.0 0.30

Each value is the mean and standard error of two measurements. Mean values of height, spread and canopy volume were tested by one-way analysis of variance
on ranks followed by all pairwise multiple comparison: Canopy volume: CDVd-infected vs. non-infected controls and non-infected controls vs. ‘Flying
Dragon’ controls, p< 0.01; CDVd-infected versus ‘Flying Dragon’ controls, p= 0.951. Spread: CDVd-infected vs. non-infected controls and non-infected
controls vs. ‘Flying Dragon’ controls, p< 0.01; CDVd-infected versus ‘Flying Dragon’ controls, p= 1.000. Height: CDVd-infected vs. non-infected controls
and non-infected controls vs. ‘Flying Dragon’ controls, p< 0.01; CDVd-infected versus ‘Flying Dragon’ controls, p= 0.053. Median values calculated for the
statistical test were as follows: Canopy volume, CDVd-infected: 7.10, non-infected controls: 18.10 and ‘Flying Dragon’ controls: 7.86. Spread, CDVd-infected:
2.46, non-infected controls: 3.46, and ‘Flying Dragon’ controls: 2.34. Height, CDVd-infected: 2.29, non-infected controls: 2.98 and ‘Flying Dragon’ controls:
2.44. Different letters are denoting statistically significant differences.
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CDVd infection reduces apical shoot length and growth

Since vegetative growth accounts for most of a tree’s
canopy volume, we examined the length and apical growth
of vegetative shoots in CDVd-infected trees and compared
them with the non-infected and ‘Flying Dragon’ controls.

First, we measured the length of winter shoots, as this
is when trees are not flushing in California. We repeated
the measurements for a total of three winters. We observed
a statistically significant reduction of 6% (p= 0.002,
ANOVA on ranks) in shoot length of the CDVd-infected
trees (mean 4.27 + 0.04cm, n= 580) in comparison to the
non-infected controls (mean 4.55 + 0.08cm, n= 160)
(Figure 2). No statistical difference was present between
CDVd-infected and ‘Flying Dragon’ controls (mean 4.09 +
0.09cm, n=128) (p=0.297, ANOVA on ranks). The shoot
length of navel orange trees grown on ‘Flying Dragon’
trifoliate rootstock was significantly reduced by 10.1% (p<
0.001, ANOVA on ranks) in comparison to the non-
infected controls on ‘Rich 16-6’ trifoliate orange rootstock
(Figure 2).

R .

Length of 5 apical nodes (cm)

1 CDVd-infected
2 | P Non-infected control
[ 'Flying Dragon' control

1

Fig. 2. Effect of citrus dwarfing viroid (CDVd) on length of shoots.

Box plots represent multiple measurements of the length of five apical
nodes: CDVd-infected trees, n= 580 (29 trees, 20 shoots measured in 3
winters); non-infected controls, n= 160 (8 trees, 20 shoots measured in 3
winters); and ‘Flying Dragon’ controls, n= 128 (8 trees, 16 shoots
measured in 2 winters). Statistical analysis was performed by one-way
analysis of variance on ranks followed by all pairwise multiple
comparison. CDVd-infected vs. Non-infected control, p= 0.002; Flying
Dragon controls vs. CDVd-infected, p= 0.297; and non-infected controls
vs. Flying Dragon controls, p< 0.001. Median values presented in box
plots were calculated for the statistical analysis were as follows: CDVd-
infected: 4.10, Non-infected control: 4.50 and Flying Dragon controls:
4.00. Median and mean values are presented as a solid and dashed line,
respectively. Different letters are denoting statistically significant
differences.

Next, we monitored new apical growth of shoots over
an active growth period (spring) and compared CDVd-
infected trees with non-infected and ‘Flying Dragon’
controls. We observed a statistically significant reduction
of 19.9% (p=0.010, ANOVA on ranks) in apical growth of
shoots of the CDVd-infected trees (mean 4.28 + 0.17cm,
n= 348) in comparison to the non-infected controls (mean
5.34 £ 0.34cm, n= 96) (Figure 3). The apical growth of
shoots of the CDVd-infected trees was significantly greater
(p= 0.018, ANOVA on ranks) than that of the ‘Flying
Dragon’ control (mean 3.06 + 0.25c¢m, n= 96). The apical
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growth of shoots of navel orange trees grown on ‘Flying
Dragon’ trifoliate rootstock was significantly reduced by
42.7% (p< 0.001, ANOVA on ranks) in comparison to the
non-infected controls on ‘Rich 16-6’ trifoliate orange
rootstock.
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Fig. 3. Effect of citrus dwarfing viroid (CDVd) on apical growth of
shoots.

Box plots represent multiple measurements of new apical growth of
shoots: CDVd-infected trees, n= 348 (29 trees, 12 shoots measured in 2
springs); non-infected controls, n= 96 (8 trees, 12 shoots measured in 2
springs); and ‘Flying Dragon’ controls, n=96 (8 trees, 12 shoots measured
in 2 springs). Mean values were tested by one-way analysis of variance
on ranks followed by all pairwise multiple comparison: CDVd-infected
vs. Non-infected control, p= 0.010; ‘Flying Dragon’ controls vs. CDVd-
infected, p= 0.018; and non-infected controls vs. ‘Flying Dragon’
controls, p< 0.001. Median values calculated for the statistical test were
as follows: CDVd-infected: 3.30, Non-infected control: 4.70 and Flying
Dragon controls: 2.60. Median and mean values are presented as a solid
and dashed line, respectively. Different letters are denoting statistically
significant differences.

Discussion

As described in several previous reports, CDVd (syn.
citrus viroid I11) infection can reduce the tree size of citrus
grown on trifoliate rootstock (Semancik et al. 1997;
Verniére et al. 2004; Vidalakis et al. 2011). However, no
previous study has looked in detail at the tree canopy
growth patterns that collectively result in the dwarfing
phenotype observed with CDVd infection. In this study, we
demonstrated that the observed reduction in the size of
CDVd infected citrus trees resulted from reduced growth
of individual shoots within the citrus canopy. We also
demonstrated that the reduced canopy volume of the
CDVd-infected trees is a long lasting phenotype that is
comparable to that of ‘Flying Dragon’ rootstock, which is
well known to reduce citrus tree size (Bitters et al. 1979;
Davies and Albrigo 1994; Roose 1986).

The identification of the shoot growth as a key element
of the reduced tree size highlights the need for future
research of the plant cellular and physiological
mechanisms modulated by infection with CDVd.
Phytohormones are master regulators of plant growth and
development, and most likely play a role in this phenotype,
and as such could be the focus of future studies (Buchanan
et al. 2015; Taiz et al. 2015).
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The importance of elucidating the CDVd dwarfing
mechanism lies in the potential to develop commercial
citrus dwarfing applications that do not require an
infectious agent. Dwarfed trees are fundamental for
successful high-density plantings that in the future will be
critical for meeting challenges posed by water shortages,
disease spread, farmland reduction, and mechanization of
citrus horticulture to address increasing labor costs (Hutton
et al. 2000; Platt 1973; Stover et al. 2008). Even though
‘Flying Dragon’ rootstock is proven to produce smaller
citrus trees it is well known that nursery production,
propagation and growth of such trees are truly challenging
(Roose 1986). In addition, recent reports on the
development of new rootstocks with some dwarfing
properties (Bowman et al. 2016) will have to be evaluated
in long-term field trials for tree size, yield, fruit quality and
bud union health, under different growing conditions and
with different rootstock-scion combinations. Such
questions have been addressed in the case of CDVd
(Semancik et al. 1997; Verniére et al. 2004; Vidalakis et al.
2011). Therefore, understanding viroid-induced citrus tree
size reduction can currently provide a platform for
innovation in citriculture and for the re-engineering of the
citrus orchard.
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