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Resumen. El objetivo de este estudio fue estimar
pérdidas productivas inducidas por el agente aso-
ciado al Huanglongbing, Candidatus Liberibacter
asiaticus (CLas) en limon persa (Citrus latifolia Ta-
naka) en México, mediante la evaluacion de varia-
bles morfolégicas y organolépticas en frutos. En el
estado de Yucatan, México, se selecciono una huer-
ta de limon persa de cuatro afios, con arboles bajo
un mismo manejo e infeccion, esta caracteristica se
verificd por PCR cuantitativo. El estudio se condu-
jo bajo cuatro niveles de severidad (0=sano, 1=25,
2=50, 3=75 y 4=100, porcentaje de sintomas de
HLB en dosel). Se evaluaron ocho variables mor-
fologicas y organolépticas en un disefio de bloques

con tratamientos apareados. Los valores de peso,
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Abstract. The aim of this study was to estimate
yield losses induced by the agent associated
with Huanglongbing, Candidatus Liberibacter
asiaticus (CLas) in Persian lime (Citrus latifolia
Tanaka) in Mexico, by evaluating morphological
and organoleptic fruit variables. A four-year old
Persian lime orchard in the state of Yucatan,
Mexico, was selected; the trees were under same
disease management and infection; this feature was
verified by qPCR. The study was conducted under
four severity levels (O=healthy, 1=25, 2=50, 3=75,
4=100, percentage of canopy with HLB symptoms).
Eight morphological and organoleptic variables
were evaluated in a restricted random block design
with healthy and CLas infected trees. The values of
weight, size, skin thickness, juice volume (JV) and
pH were statistically higher in fruits from healthy
trees as well as in asymptomatic branches of positive
trees, in comparison with symptomatic branches
(Tukey, P=0.05). CLas induced reduction on weight
(17.3 %) and JV (18.6 %), with more damage in trees
showing 100 % of canopy with HLB symptoms; the
regression models were: ¥ = 217.2-4.2x+0.03x%,
R>= 0.86; Y = 645.4-11.7x+0.09x%, R*= 0.82.

volume
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tamafo, grosor de céscara, volumen de jugo (VJ)
y pH fueron estadisticamente mayores en frutos de
arboles sanos y en ramas asintomaticas de arboles
positivos, en comparacion con los frutos de ramas
sintomaticas (Tukey, P=0.05). CLas indujo reduc-
cion en peso (17.3 %) y VI (18.6%), con mayor
dafio en arboles con 100 % de sintomas de HLB en
dosel; los modelos de regresion fueron: IC) o 217.2-
4.2x+0.03x*, R*=0.86; Y, = 645.4-11.7x+0.09x?,
R?*=0.82. La reduccion en peso implicd una pér-
dida en produccion de 2.4 toneladas/ha. El efecto
perjudicial se asocio al nivel de severidad y con-
centracion de CLas, ya que se detectd que la in-
tensidad de los sintomas de HLB estan en funcion
de la concentracion bacteriana mediante el modelo
Y [hWWZI 17+0.77x-0.0067x2, R>=0.91. El presen-
te documento constituye el primer estudio cuantita-
tivo del efecto de CLas en la produccion delimon
persa.

Palabras clave: Severidad, Huanglongbing, con-
centracion bacteriana, citricos agrios.

En Meéxico, el Huanglongbing (HLB) de los
citricos se asocia a Candidatus Liberibacter asiati-
cus (CLas); la primera deteccion en el pais de esta
enfermedad devastadora de la citricultura a nivel
mundial, se realiz6é en julio de 2009, en Tizimin,
Yucatan (Trujillo, 2010). Este patogeno se trans-
mite y dispersa por Diaphorina citri Kuwayama
(Hemiptera: Liviidae) (Halbert y Manjunath, 2004;
Hall et al., 2013). En febrero 2015, 23 de los 25
estados que integran la citricultura nacional con-
firmaron la presencia de CLas en arboles y prin-
cipalmente en vectores, con lo cual se definen dos
escenarios epidémicos: 1) area de mayor intensidad
y prevalencia en huertos comerciales: Region del
Pacifico y 2) area de menor intensidad y prevalen-
cia en traspatio: Peninsula de Yucatan y Golfo de
Meéxico (Mora-Aguilera et al., 2013).
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The weight reduction implicate a 2.4 tons/ha yield
loss. The detrimental effect was associated with
severity level and CLas concentration, we found
that the intensity of the symptoms of HLB is a
function of the bacterial concentration in the model
Y ncteria) = 1.174+0.8x-0.0067x2, R? = 0.91. This

is the first quantitative study of CLas effects on
production of Persian lime.

Key words: Severity, Huanglongbing, bacterial
concentration, sour citrus.

In México, Huanglongbing (HLB) has been
associated with Candidatus Liberibacter asiaticus
(CLas); the first report in the country of this
devastating disease to citrus industries worldwide
was made during july 2009, in Tizimin, Yucatan
(Trujillo, 2010). This pathogen is transmitted
and spreads by Diaphorina citri Kuwayama
(Hemiptera: Liviidae) (Halbert and Manjunath,
2004; Hall et al.,2013). For February 2015, 23 of 25
citrus-producing states of the Mexican citriculture
confirmed the presence of CLas in trees and mainly
in vectors, defining two epidemic scenarios: 1) area
of greatest intensity and prevalence in commercial
orchards: Region of the Pacific, and 2) area of less
intensity and prevalence in backyard: Yucatan
Peninsula and Gulf of Mexico (Mora-Aguilera et
al.,2013).

Unlike the effects of HLB in sweet orange (Citrus
sinensis L. Osbeck) in Brazil, and Florida, U.S.A.
(Bassanezi et al., 2011; Gottwald et al., 2007,
Bové, 2006), in the country the highest severity of
physiological and histological symptoms caused by
HLB has been found in the Mexican lime (Citrus
aurantifolia Swingle Christm.) and Persian lime
(Citrus latifolia Tanaka) (Esquivel-Chavez et al.,
2012). The symptoms in leaves of citrus trees
include chlorotic spots, angular stains, corky and
thickening veins, mottle and difuse chlorosis, as
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A diferencia de los efectos de HLB en naran-
ja dulce (Citrus sinensis L. Osbeck) de Brasil, y
Florida, U.S.A. (Bassanezi et al., 2011; Gottwald
et al.,2007; Bové, 2006), en el pais la mayor seve-
ridad de sintomas fisioldgicos e histologicos cau-
sados por HLB se encuentran en limén mexicano
(Citrus aurantifolia Swingle Christm.) y limon
persa (Citrus latifolia Tanaka) (Esquivel-Chavez et
al.,2012). Los sintomas en hojas de citricos agrios
incluyen puntos cloréticos, manchas angulares,
acorchamiento y engrosamiento de nervaduras,
moteado y clorosis difusa hasta el amarillamiento
generalizado en la lamina foliar y defoliacion. La
maduracion irregular so6lo se ha observado en li-
mon mexicano, la cual inicia con un color amari-
llento en la parte basal y eventualmente termina en
la caida de frutos (Robles-Gonzélez et al., 2013).
Histologicamente existe un incremento de almidon
en el mesoéfilo de limon mexicano y persa. En na-
ranja dulce se concentra en el parénquima de empa-
lizada. En todos los casos se presenta hiperplasia,
lo que ocasiona un colapso de floema (Esquivel-
Chévez et al., 2012).

La informacion sobre el impacto destructivo del
HLB con sustento cuantitativo y epidemioldgico
es escasa; los estudios existentes estimaron el im-
pacto con base en el nimero de plantas erradicadas
y costos por control del vector en citricos dulces
(Brlansky et al., 2009). En Brasil, las pérdidas en
produccion por efecto del HLB variaron entre 41
a 100 % en naranja dulce cv. Valencia (Bassanezi
et al., 2009). Bassanezi ef al. (2011) determinaron
la relacion de la produccion con el efecto de la en-
fermedad e indicaron una tendencia perjudicial;
ademas encontraron que la magnitud del impacto
productivo también depende del manejo agrondmico
y edad de los arboles. En México, se estimaron pér-
didas en produccion en toda la cadena productiva de
limén mexicano y limén persa (17.6 %) y naranja
dulce (57.6 %) mediante métodos multivariados y
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well as the generalized yellowing of the leaf and
defoliation. Irregular ripening has only appeared in
the Mexican lime, begining with a yellow color in
the base, and eventually falling of fruits (Robles-
Gonzaélez et al., 2013). Histologically, there is an
increase in starch in the mesophyll of Mexican
and Persian limes. In sweet orange, it concentrates
in the palisade parenchyma. In all cases, there is
hyperplasia, which causes a collapse in the phloem
(Esquivel-Chavez et al., 2012).

Information about HLB’s destructive impact
with quantitative and epidemiological support is
scarce; available studies estimated the impact based
on the number of eradicated plants and costs of the
vector control in sweet citrus plants (Brlansky et
al.,2009). In Brazil, losses in production due to the
effect of HLB were in the range of 41 and 100 % in
sweet orange cv. Valencia (Bassanezi et al., 2009).
Bassanezi et al. (2011) determined the relationship
of production with the effect of the disease and
indicated a damaging trend; nonetheless, they
also found that the magnitude of the production
impact depends on the agronomic management and
tree age. In Mexico, there were estimated losses
in production throughout the production chain of
Mexican lime and Persian lime (17.6 %) and sweet
orange (57.6 %) using multivariate methods and
comparative epidemiology at 3 and 5 years since
the beginning of the disease (Salcedo et al., 2010).
Given the current dispersion of CLas in the citricul-
ture of the Mexican Pacific and the Yucatan Pen-
insula and its prevalence in sour citrus for which
mostly the effects of this pathogen was unknown
(Mora-Aguilera et al., 2013), there is an urgent
need to know the impact on production of this citrus
group. Therefore, the objective of this study was to
determine the CLas detrimental effect on the pro-
duction of Persian lime, C. latifolia, by analyzing
morphological and organoleptic variables on fruits.
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epidemiologia comparativa a 3 y 5 afios (Salcedo
et al.,2010).

Ante la dispersion existente de CLas en la citri-
cultura del Pacifico mexicano y Peninsula de Yu-
catan, y debido a la prevalencia en citricos agrios,
para los cuales se desconocia en su mayoria los
efectos de este patdgeno (Mora-Aguilera et al.,
2013), surge la necesidad imperiosa de conocer el
impacto en la produccidn de este grupo de citricos.
Por lo anterior, el objetivo del presente estudio fue
determinar el efecto detrimental de CLas en la pro-
ducciéon de limon persa, C. latifolia, mediante el
analisis de variables morfoldgicas y organolépticas
en frutos.

MATERIALES Y METODOS

Sitio de estudio. Se delimité un bloque de 0.5 ha
en un huerto comercial, compuesto por 30 ha de
limon persa de cuatro afos de edad ubicado en Ti-
zimin, Yucatan y con presencia de la enfermedad
desde 2010. El manejo agrondmico incluyd riego
por goteo, fertilizacion, poda y control quimico de
D. citri.

Evaluacion de sintomas y severidad. La evalua-
cion de severidad se realizo en 388 arboles con
una escala aritmética. Dicha escala considerd las
clases: O=sano, 1=25, 2=50, 3=75 y 4=100 %. El
porcentaje de severidad se calculd con la division
del dosel del arbol en cuatro secciones de 25 %.
La severidad total (Sevt) por arbol fue la suma del
porcentaje de cada seccion (s) Donde s= 1-4.

Diagnostico y cuantificacion de la concentracion
de CLas mediante PCR cuantitativo. El tejido
vegetal se colectdo en Marzo de 2011, época favora-
ble para la multiplicacion de la bacteria y expresion
de sintomas. Cada muestra consistio de ocho hojas,
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MATERIALS AND METHODS

Place of study. A 0.5 ha block was delimited in a
commercial orchard made up of 30 ha of four-year
old Persian lime trees located in Tizimin, Yucatan,
attacked by the disease since 2010. Agronomic
management included drip irrigation, fertilization,
trimming, and chemical control of D. citri.

Evaluation of symptoms and severity. The
evaluation of severity was carried out in 388 trees
using an arithmetic scale, which considered the
types O=healthy, 1=25, 2=50, 3=75 and 4=100 %
of canopy with HLB symptoms. The percentage
of severity was calculated by dividing the canopy
of the tree in four sections of 25% each. The total
severity (Sevt) by tree was the sum of the percentage
of each section (s) Where s= 1-4.

Diagnostic and  quantification of the
concentration of CLas. The plant tissue was
collected in March 2011, a favorable time for the
multiplication of the bacteria and expression of
symptoms. Each sample consisted of eight leaves;
samples were separated by symptomatic and
asymptomatic sections in diseased trees. Likewise,
healthy trees were sampled as controls. Molecular
analysis consisted in isolating DNA with DNeasy
Plant Mini Kit (Qiagen ®) from 100 mg of plant
tissue following the manufacturer’s protocol.
Detection and quantification was carried out in a
Biorad® CFX96 thermocycler with a TagMan®
probe and specific primers for CLas that amplify a
portion of the gene 16S rDNA, an positive internal
control based on cytochrome-oxidase (COX) was
included primers for the as reaction (DGSV-CNREF,
2008; Li et al., 2006).

For the quantification of the number of genomic
copies of CLas in the samples, an external
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se separaron muestras por secciones sintomaticas
y asintomaticas en arboles enfermos. Del mismo
modo se muestrearon arboles sanos como testigos.
El analisis molecular consistio en el aislamiento
de ADN con DNeasy Plant Mini Kit (Qiagen ®)
para 100 mg de tejido vegetal con el protocolo del
fabricante. La deteccion y cuantificacion se reali-
z6 en un termociclador Biorad® CFX96, con son-
da TagMan® e iniciadores especificos para CLas
que amplifican una porcion del gen 16S rDNA,
asi como una sonda e iniciadores para la enzima
citocromo-oxidasa (COX) como control interno de
la reaccion. (DGSV-CNREF, 2008; Li ef al., 2006).

Para la cuantificacion del nimero de copias ge-
nomicas de CLas en las muestras, se generd una
curva de calibracion externa. Se utilizo el frag-
mento del gen 16S rDNA clonado en un plasmido
PGEM-T ® Promega®). El plasmido se purifico
y cuantificd por uv-espectrofotometria (Nanodrop
1000) y se realizaron diluciones seriales; estas se
sometieron a amplificacion con tres repeticiones
por concentracion y se utilizd una regresion loga-
ritmica para estimar la concentracion de CLas ()
donde y = (-6.221) * LN(Ct) + 27.409.

La determinacion de la relacion de la severidad
de sintomas con la concentracién bacteriana, se
realizo mediante el ajuste de un modelo cuadratico.

Evaluacion de variables morfologicas y orga-
nolépticas en frutos. Los frutos se colectaron, eti-
quetaron y se conservaron en refrigeracion a 4°C
hasta su evaluacion entre el segundo y quinto dia
después de la cosecha. Las variables morfologicas
medidas fueron peso por fruto (gr), didmetro ecua-
torial (DE), didmetro polar (DP), grosor de cascara
(GC) (mm) y volumen de jugo (VJ) (mL) de 10
frutos por tratamiento. Las variables organolépticas
se midieron en el jugo extraido de los frutos, princi-
palmente se determiné la concentracion de grados
Brix con un refractometro digital (Palette®), pH
con un potenciometro (HACH®), y acidez titulable
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calibration curve was generated. A fragment of
the gene 16S rDNA was used, cloned in a plasmid
PGEM-T ® Promega®). The plasmid was purified
and quantified
(Nanodrop 1000) and serial dilutions were carried

using  uv-spectrophotometry
out. The reaction were performed in triplicate per
concentration and a logarithmic regression was
used to estimate the CLas concentration (y), in
which y = (-6.221) * LN(Ct) + 27.409.

Relationship of the severity of symptoms with
the bacterial concentration was determined in a
quadratic model fitted.

Evaluation of morphologic and organoleptic
variables in fruits. The fruits were harvested,
labeled and kept in refrigeration at 4 °C until
their evaluation was performed 2 and 5 days after
harvest. The morphological variables measured
were weight per fruit (gr); equatorial diameter
(ED), polar diameter (PD), skin thickness (ST)
(mm); and volume of juice (VJ) (mL) of 10 fruits
per treatment. The organoleptic variables were
measured in the juice extracted from the fruit: we
determinated mainly concentration of Brix degrees
using a digital refractometer (Palette®), pH with
a potentiometer (HACH®), and titratable acidity
through the phenolphthalein method (Helrich,
1990).

Statistical analysis. The experiment consisted of
a design in blocks with paired treatments: healthy
trees (T1) adjacent to infected trees, in which
branches were differentiated in asymptomatic
(T2) and symptomatic (T3). Thirty-two trees were
chosen, distributed in six blocks in incomplete
sub repetitions with four, six, and eight trees. The
blocks were selected in a directed way to disease
outbreaks. This method is similar to that used by
Cristobal et al. (2006) to reduce the variability of
the data by effects of intensity and infection periods,
soil fertility, and agronomic management of the
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con el método de fenolftaleina (Helrich, 1990).

Analisis estadistico. El experimento consistié en
un disefio de bloques con tratamientos apareados,
arboles sanos (T1) adyacentes a arboles enfermos,
de los cuales se diferenciaron ramas asintomaticas
(T2) y sintomaticas (T3). Se seleccionaron 32 arbo-
les distribuidos en seis bloques en sub-repeticiones
incompletas con cuatro, seis y ocho arboles. Los
bloques se seleccionaron en forma dirigida a focos
de enfermedad. Esta metodologia es analoga a la
empleada por Cristobal et al. (2006) para reducir la
variabilidad de los datos por efectos de intensidad y
periodos de infeccion, fertilidad de suelo y manejo
agrondmico del huerto. Para la evaluacion de las
variables morfoldgicas y organolépticas, en cada
arbol se colectaron 10 frutos en T1, T2 y T3. Las
medias de cada variable por arbol se organizaron
por tratamientos, severidad y bloque para un ANO-
VA 'y comparacion de medias con Tukey (P=0.05).
Los andlisis se realizaron con SAS V9.0. Adicio-
nalmente, se realizo un analisis correlativo de pér-
didas con 10 arboles por cada clase de severidad
(50 arboles), para asi incrementar la variabilidad
del efecto de produccion en funcion del dafio. Pre-
vio al analisis correlativo, se detectaron posibles
observaciones fuera de tendencia y se excluyeron.
Los valores de cada variable evaluada y el porcen-
taje de severidad de cada arbol se ajustaron inde-
pendientemente a distintos modelos correlativos.

RESULTADOS Y DISCUSION

Descripcion de los sintomas de HLB en limén
persa. Los frutos de limon persa que se evaluaron
en este estudio carecieron de los sintomas carac-
teristicamente atribuibles a HLB como los que se
indicaron previamente para citricos dulces (Bas-
sanezi et al., 2009) y para limén mexicano, como
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orchard. For the evaluation of morphological and
organoleptic variables, in each tree 10 fruits were
collected in T1, T2, and T3. The averages of each
variable per tree were organized by treatments,
severity, and block for an ANOVA and comparison
of averages using Tukey test (P=0.05). Analyses
were carried out using SAS V9.0. In addition, a
correlative analysis was made of losses with 10
trees for each severity level (50 trees) for to increase
the variability of the effect of production depending
on the damage. Before the correlative analysis,
outliers were detected and excluded. The values
for each evaluated variable and the percentage of
severity for each tree were independently adjusted
at different correlative models.

RESULTS AND DISCUSSION

Description of the symptoms of HLB in Persian
lime. The Persian lime fruits evaluated in this study
showed no symptoms typically attributed to HLB,
such as the ones indicated earlier for sweet citrus
fruits (Bassanezi et al., 2009) and for Mexican
limes, like irregular ripening and fruit fall (Robles-
Gonzalez et al., 2013); the above was recorded
even in fruits from trees with a severity of 100%
HLB severity. In this study, HLB symptoms were
found in Persian lime leaves, without a distribution
pattern in the canopies of studied trees. The
symptoms observed (Figure 1) begin with diffuse
mottled (A) that become larger until they are clearly
defined and formed internerval angular spots are
formed (B), which become distorted in chlorotic
spots that invade the whole leaf (C). Plants with
severe infections present thickening and corky of
the central rib (D) with a coriaceous appearance;
finally, a semi-intense and generalized yellowing
can be seen in the leaf (E) without reaching the
abscission, as is the case in Mexican lime and
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maduracion irregular y caida de frutos (Robles-
Gonzalez et al., 2013), lo anterior se registrd ain
en frutos provenientes de arboles con severidad del
100%.

En el presente estudio los sintomas de HLB se
detectaron en hojas de limoén persa, sin un patron de
distribucion en el dosel de los arboles. Los sinto-
mas que se observaron (Figura 1) iniciaron con mo-

whose symptoms occur faster (Robles-Gonzalez
et al., 2013). In sweet oranges these symptoms
are less intense, furthermore, the generalized
yellowing of the leaf occurs infrequently and no
defoliation of the same is observed (Esquivel-
Chavez et al., 2012). These authors also indicated
this tendency in histological symptoms, suggesting
that in Mexico, sour citrus fruits present symptoms
at a greater speed, intensity, and generalization in

Figura 1. Sintomas de HLB en limén persa (C. latifolia) confirmados como positivos por PCR cuantitativo. (A) Moteado difuso;
(B) Manchas angulares; (C) Manchas angulares y puntos cloroticos; (D) Engrosamiento y acorchamiento de nervadura;
(E) Amarillamiento generalizado de la 1amina foliar; (F) Frutos de rama sintomatica con amarillamiento asociado a HLB;

(G) Fruto de rama sana. Tizimin, Yucatan, 2011.

Figure 1. Symptoms of HLB in Persian lime (C. latifolia) confirmed as positive by quantitative PCR. (A) Diffuse mottled; (B) An-
gular spots; (C) Angular and chlorotic spots; (D) Rib thickening and cork appearance; (E) Generalized yellowing of the
leaf; (F) Fruits form symptomatic branch with yellowing associated with HLB; (G) Fruit from healthy branch. Tizimin,

Yucatan, 2011.
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teados difusos (A) que aumentaron de tamafo hasta
definirse claramente y formar manchas angulares
internervales (B), las cuales se distorsionan en pun-
tos clordticos que invaden la lamina foliar (C). En
plantas con infeccion severa se observa engrosa-
miento y acorchamiento de la nervadura central (D)
con un aspecto coriaceo; finalmente se aprecié un
amarillamiento medianamente intenso y generali-
zado en la ldamina foliar (E) sin llegar a la abscision
como sucede en limén mexicano y cuyos sintomas
ocurren con mayor velocidad (Robles-Gonzalez
et al., 2013). En naranja dulce, estos sintomas son
menos intensos ya que el amarillamiento generali-
zado de la lamina foliar ocurre en poca frecuencia y
no se observa defoliacion de las mismas (Esquivel-
Chavez et al., 2012). Estos autores también indica-
ron esta tendencia en sintomas histolégicos, lo que
sugiere que en México los citricos agrios exhiben
sintomas con mayor velocidad, intensidad y gene-
ralizacion en el dosel que los que se registraron en
otros paises (Bov¢, 2006; Brlansky et al., 2009).

Diagnéstico y cuantificacion de la concentracion
de CLas en limon persa. Se confirm6 por PCR en
tiempo real la condicion sanitaria de los arboles se-
leccionados como sanos y enfermos. Los arboles
infectados mostraron diferentes concentraciones de
CLas, de manera preliminar se detectdo que la in-
tensidad de los sintomas inducidos estd en funcion
de la concentracion bacteriana. La asociacion de la
concentracion de CLas y la severidad se demostrd
con el ajuste a un modelo de correlacion cuadratico
y=1.1736+0.774x-0.0057x%, R*= 0.91 (Figura 2).

La relacion de la concentracion bacteriana con
la severidad de HLB sugiere que la expresion de
sintomas posee una relacion directa con el incre-
mento de indculo de la bacteria en la planta, lo cual
explica que a mayor severidad exista mayor efecto
negativo en la produccion de limoén persa (Figura 4).
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the canopy than those registered in other countries
(Bové, 2006; Brlansky et al., 2009).

Diagnostic and quantificationoftheconcentration
of CLas in Persian lime. The sanitary condition of
the selected trees was confirmed by PCR in real time
as either healthy or infected. The latter displayed
different concentrations of CLas; the intensity of
the symptoms induced were preliminarily found to
depend on the bacterial concentration. The relation
between the concentration of CLas and the severity
was shown to fit a quadratic correlation model y=
1.1736+0.774x-0.0057x%, R*= 0.91 (Figure 2).

The relation between bacterial concentration and
the severity of HLB suggests that there is a direct
relashionship between expression of symptoms and

2
y = 1.1736+0.774x-0.0057x
2
R =091

A7
t

Namero de copias de 168 rDNA de "CLas’

0 25 50 75 100
Severidad (%)

Figura 2. Correlacion de la severidad del HLB en limoén per-
sa vs concentracion de CLas (niimero de copias del
gen 16S rDNA estimada por PCR en tiempo real, en
arboles sanos y enfermos con distinto grado de se-
veridad de HLB). La linea y el modelo representan
el ajuste mediante una regresion cuadratica.

Figure 2. Correlation of the severity of HLB in Persian lime
vs concentration of CLas (number of copies of the
gene 16S rDNA estimated by quantitative PCR in
healthy and infected trees with different degrees of
severity of HLB severity). The line and the model
represent the adjustment using a quadratic regres-
sion.
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Esto confirma los resultados obtenidos con PCR de
punto final en los cuales la deteccion es exitosa solo
en muestras con sintomas evidentes de la enferme-
dad (Teixeira et al., 2008); o lo contrario, como lo
es la dificultad de realizar detecciones en infeccio-
nes latentes, cuando la concentracion bacteriana es
baja (Li et al., 2008).

Estimacion de pérdidas con analisis de varian-
za. Las variables peso, didmetro ecuatorial y polar,
grosor de cascara, volumen de jugo y pH fueron
estadisticamente mayores en arboles sanos (T1)
con respecto a frutos de ramas sintomaticas (T3)
(Tukey, P=0.05) (Figura 3). Estos resultados mues-
tran que la concentracion bacteriana, atin en una in-
feccion reciente (15 meses), influye negativamen-
te en las variables morfologicas y organolépticas
que se evaluaron. En este efecto influye el patron
productivo del limén persa, ya que en los arboles,
los frutos se concentran en ramas con crecimiento
secundario en la parte externa del dosel atn con
crecimiento activo (Agusti et al., 1995; Davies y
Albrigo, 1994).

Las variables de grados Brix y acidez titulable
no fueron estadisticamente distintas entre T1 y T3.
No se observo diferencia entre frutos de ramas
asintomaticas y sintomaticas (T2 y T3), excepto
en la variable didmetro, probablemente porque el
efecto fisiologico no depende unicamente del alo-
jamiento de CLas en el floema del tejido analiza-
do, sino en la interferencia de la movilizacion de
fotoasimilados por alojamiento de CLas en ramas
primarias (Esquivel-Chavez ef al., 2012). Entre T1
y T3 la mayor reduccion fue en peso con 17.31 % y
volumen de jugo con 18.62 %. En grosor de casca-
ra fue de 12.2 %, didametro polar 10 % y didmetro
ecuatorial 6.2 %. En el caso de las variables organo-
Iépticas solo se observo reduccion en pH con 6.4 %
(Cuadro 1).
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the increase of bacterial inoculum of the bacteria in
the plant, which explains why high HLB severity
leads to a greater negative effect on the production
of Persian lime (Figure 4). This confirms the results
obtained with a standard PCR in which detection is
successful only in samples with evident symptoms
of'the disease (Teixeira et al., 2008); also, it explains
the difficulty of carrying out these detections in
latent infections, when bacterial concentration is
very low (Li et al., 2008).

Estimation of losses with an analysis of variance.
The variables of weight, equatorial and polar
diameters, thickness of skin, volume of juice and
pH were statistically higher in healthy trees (T1)
than in fruits from HLB symptomatic branches
(T3) (Tukey, P=0.05) (Figure 3). These results
show that bacterial concentration, even in a recent
infection (15 months), has a negative influence
on the morphological and organoleptic evaluated
variables. This effect is influenced by the productive
pattern of the Persian lime, since in the trees the
fruits are concentrated in branches with secondary
growth in the external part of the canopy, even
with active growth (Agusti et al., 1995; Davies and
Albrigo, 1994).

The variables of Brix degrees and titratable
acidity were not statistically different between T1
and T3. No differences were observed between
symptomatic and asymptomatic
branches (T2 and T3), except in the variable of
diameter, probably because the physiological effect
does not depend only on the hosting of CLas in
the phloem of the analyzed tissue, but also on the
interference of the mobilization of photoassimilates
due to the hosting of CLas in primary branches
(Esquivel-Chavez et al., 2012). Between T1 and
T3 the greatest reduction was in weight (17.31 %)
and volume of juice (18.62 %). In skin thickness,

fruits from
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Figura 3. Comparacion de medias de peso (A), diametro ecuatorial (B), didmetro polar (C), grosor de cascara (D), volumen de jugo

(E), pH (F), Grados Brix (G) y acidez titulable (H) evaluadas en frutos de limon persa (C. latifolia) provenientes de ar-
boles sanos y de ramas sintomaticas y asintomaticas de arboles positivos a CLas. Para cada variable, barras con al menos
una letra en comun son estadisticamente iguales Tukey (P= 0.05). Las lineas en las barras representan el error tipico.

Figure 3. Comparison of average of weight (A), equatorial diameter (B), polar diameter (C), thickness of skin (D), volume of juice

(E), pH (F), Brix degrees (G), and titratable acidity (H) evaluated in Persian lime fruits (C. latifolia) from healthy trees
and symptomatic and asymptomatic branches of trees infected by CLas. For each variable, bars with at least one letter in
common are statistically equal, Tukey (P= 0.05). The lines on the bars represent the standard error.
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Cuadro 1. Efecto de Candidatus Liberibacter asiaticus en variables morfologicas y organolépticas de frutos de limon persa (C.
latifolia).
Table 1. Effect of Candidatus Liberibacter asiaticus on morphological and organoleptic variables of Persian lime fruits (C. latifolia).

Factor Peso DE* DP GC \"Al Brix pH Acidez
Tl 101.5 a 552a 68.5a 31a 4138 a 72a 22a 7.1a
T2 100.5 ab 54.1a 66.2 a 2.1 ab 380 ab 6.8a 2.1b 6.5a
T34 839D 51.8b 61.7b 2.7b 336.8b 69a 2.0b 6.8a
Reduccion't 17.31 6.16 9.95 12.20 18.62 4.32 6.42 4.22

¢ Valores con al menos una letra en com(n en las columnas son estadisticamente iguales (Tukey, p<0.05). '* Factor T1 (sano), T2
(asintomatico) y T3 (sintomatico) fueron confirmados por PCR en tiempo real. ‘** El porcentaje se calculd con la diferencia de me-
dias entre frutos de arboles sanos y de ramas sintomaticas. * DE=Didmetro Ecuatorial, DP=Diametro Polar, GC= Grosor de Cascara,
VJ= Volumen de Jugo / ‘ Values with at least one letter in common in the columns are statistically equal (Tukey, p< 0.05). ' Factor
T1 (healthy), T2 (asymptomatic), and T3 (symptomatic) were confirmed by real time PCR. " The percentage was calculated with
the difference of averages between fruits from healthy trees and symptomatic branches. *ED= Equatorial Diameter, PD= Polar

diameter, ST= Skin Thickness and VJ= Volume of Juice.

La reduccion en las variables peso y volumen
de jugo se explica por la relacion fisioldgica directa
entre ellas, ya que a mayor peso de fruto mayor es
el volumen de jugo (Davies y Albrigo, 1994). El
efecto de CLas en T3 en comparacion con T1 (Cua-
dro 1) se traduce en pérdidas en la produccion del
17.3 % por afio productivo, mas de lo que Salcedo
et al. (2010) estimaron en ausencia de la enferme-
dad, ya que en su estudio indicaron que ocurririan
pérdidas del 17.6 % en citricos agrios y 52.7 % en
naranja dulce hasta después de cinco afios del in-
greso de CLas a México. Ademas, dichos investi-
gadores explicaron que el mayor impacto produc-
tivo del HLB sobrevendria en naranja dulce; esta
observacion posiblemente obedeci6é a la falta de
informacion de escenarios epidémicos en citricos
agrios y a que se utilizaron datos de epidemias en
naranja dulce para fines comparativos.

En Brasil, Bassanezi et al. (2009) detectaron
pérdidas en peso entre 17.5 % (Valencia temprana
y 42.3 % (Valencia tardia) por efecto de Candida-
tus Liberibacter spp. En esta region la enfermedad
es endémica, lo que implica una exposicion pro-
longada de los arboles a la infeccion bacteriana, ya
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reduction was 12.2 %, in polar diameter 10 %
and in equatorial diameter 6.2 %. In the case of
organoleptic variables, there was only a drop in pH
observed, with 6.4 % (Tablel).

The reduction in variables of weight and juice
is explained by the direct physiological relation
between them, since a greater weight of the fruit
implies more juice (Davies and Albrigo, 1994).
The effect of CLas in T3 in comparison to T1
(Table 1) translates into production losses of 17.3 %
per productive year, more than what Salcedo et
al. (2010) estimated in the absence of a disease,
reporting losses of 17.6 % in sour citrus fruits and
52.7 % in sweet oranges, 5 years after CLas entered
Mexico. In addition, these researchers explained
that the highest productive impact of HLB would
be on sweet oranges; this observation possibly was
due to lack of information on epidemic scenarios in
sour citrus, and that data on sweet orange epidemic
were used for comparative purpose.

In Brazil, Bassanezi et al. (2009) observed weight
losses of 17.5 % (early Valencia) to 42.3 % (late
Valencia) due to Candidatus Liberibacter spp. In this
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que la deteccion se realizé en 2004. En el presente
estudio, las pérdidas detectadas fueron similares
a Valencia temprana (17.3 y 17.5 %) aun cuando
la plantacion evaluada presentd solamente un pe-
riodo de 6-15 meses de exposicion a la infeccion
bacteriana, por lo que las pérdidas en periodos de
exposicion y desarrollo de la enfermedad similares
a los de Brasil podrian ser mayores en limon persa,
maxime cuando la severidad de los sintomas vi-
suales e histoldgicos son mas intensos que los que
se indican para naranja dulce (Esquivel-Chavez et
al., 2012). Adicionalmente, la mayor frecuencia de
brotacioén vegetativa de los citricos agrios permi-
te periodos de infeccion prolongados e incremento
de la bacteria, debido a la asociacioén con infesta-
ciones frecuentes de vectores infectivos (Grafton-
Cardwell et al., 2013; Hall et al., 2013; Robles-
Gonzalez et al., 2013).

Estimacion de pérdidas con modelos correlati-
vos. La asociacion de la severidad del HLB con
variables morfologicas y organolépticas se confir-
mo con el ajuste a modelos cuadraticos correlativos
(Figura 4). A pesar de la seleccion apareada de ar-
boles sanos y enfermos para evitar efectos de varia-
bilidad en fertilidad del suelo y manejo agronomi-
co, fue necesario eliminar datos aberrantes los cua-
les se asociaron con arboles de bajo vigor (12/50);
no obstante lo anterior, se mantuvo un nimero de
arboles en observacion atn superior al que utiliza-
ron en un estudio similar Bassanezi et al. (2009)
donde se estudiaron de 14 a 21 arboles por periodo
de cosecha y variedad.

Las variables que mostraron mayor correla-
cion con la severidad fueron las morfologicas ya
que se ajustaron a los modelos cuadraticos. Los
modelos obtenidos en el presente estudio fueron
los siguientes: Y, =217.21-4.1958x+0.0288x,
(R*=0.86); Y,.=106.75-1.92x+0.014x?,
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region the disease is endemic, implying a prolonged
exposure of trees to the bacterial infection, since it
was detected in 2004. In our study, the losses found
were similar to early Valencia (17.3 and 17.5 %)
even though the evaluated plantation presented only
a period of 6-15 months of exposure to the bacterial
infection; therefore, expected losses in periods of
disease exposure and disease development similar
to those of Brazil may be higher in Persian lime in
Mexico, especially when the severity of visual and
histological symptoms are more intense in Persian
lime than those reports for sweet orange (Esquivel-
Chéavez et al., 2012). In addition, the highest
frequency of vegetative sprouting of the sour citrus
fruits allows prolonged periods of infection and
increase of the bacteria, due to the association with
frequent infestations of infective vectors (Grafton-
Cardwell et al., 2013; Hall et al., 2013; Robles-
Gonzélez et al., 2013).

Estimation of losses with correlative models.
The association of the severity of HLB with
morphological and organoleptic variables was
confirmed with the fitting of correlative quadratic
models (Figure 4). Despite the paired selection
of healthy and infected trees to avoid variability
effects in soil fertility and agronomic management,
it was necessary to eliminate outliers, which were
related with low-vigor trees (12/50); however, a
number of trees remained under observation even
superior to that used in a similar study of Bassanezi
et al. (2009) where 14 and 21 trees were studied for
each planting period and variety.

The wvariables that showed the highest
correlation with severity were the morphological
variables, since they fitted to the quadratic
models. The models obtained in this study were
as  follow: Yweigh,:217-21'4-1958X+0-0288X2,
(R*=0.86); Y, ,=106.75-1.92x+0.014x>, (R*=0.87);
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Figura 4. Correlacion entre severidad de HLB y variables morfoldgicas: peso (A), didmetro ecuatorial (B), didmetro polar (C),
grosor de cascara (D) y volumen de jugo (E); y organolépticas pH (F), Grados Brix (G) y acidez titulable (H), de frutos
de limon persa (C. latifolia). La linea y el modelo representan el ajuste mediante una regresion cuadratica.

Figure 4. Correlation between severity of HLB and morphological variables: weight (A), equatorial diameter (B), polar diameter
(C), thickness of skin (D), and volume of juice (E); Organoleptic: pH (F), Brix degrees (G) and tirtatable acidity (H), in
Persian lime fruits (C. latifolia). The line and the model represent the adjustment using a quadratic regression.
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(R*=0.87); Y,,=131.7-2.30x+0.0169x?, (R*=0.87);
Y, =6.56-0.12x+0.0008x>, (R*=0.85); Y, =645.4-
11.7x+0.09x%, (R?>=0.82). En las variables orga-
nolépticas solo pH se ajusté con el modelo Y,
=2.17-0.0117+9E-05x2, (R*=0.83). Grados Brix y
acidez titulable no se asociaron significativamente
con la severidad y tampoco se encontré un efecto
claro de la bacteria sobre estas. Esto posiblemente
se debid a la fisiologia de frutos de limon persa, los
cuales tienden a acumular bajas concentraciones
de azucares y que por la naturaleza de los desérde-
nes fisioldgicos inducidos por CLas, se requiera un
periodo de infeccion mas prolongado para inducir
una alteracion detectable en estas variables (Davies
y Albrigo, 1994). La variabilidad de los datos de
produccion debido al vigor de arboles por efectos
multifactoriales de manejo se observd en un estu-
dio similar con naranja dulce realizado en Brasil,
donde la dispersion de los datos en la correlacion
del peso de frutos con severidad del HLB fue alta
con coeficientes de determinacion bajos (R*=0.4)
(Bassanezi et al., 2011); sin embargo, en ese es-
tudio se combinaron cosechas de diferentes afios
(2004-2007) con periodos distintos de endemicidad
(periodo de infeccion), lo anterior se evitd en nues-
tro estudio donde se obtuvo una mejoria sustancial
en los coeficientes de determinacion de los mode-
los generados.

En una infeccién sistémica o cronica como la
que induce CLas, las pérdidas que se obtuvieron
en este estudio (17.3 %) pueden aumentar con el
tiempo a consecuencia del debilitamiento paulati-
no y muerte productiva del arbol (Da Graca, 1991;
Gottwald et al., 2007; Bassanezi et al., 2011). En
nuestro estudio, se estimaron pérdidas en limén
persa en un monto de 17.3 % después de 15 meses
de ocurrir la infeccion; es predecible que ante la
falta de medidas efectivas para el control del pato-
geno, anualmente el deterioro incrementard hasta
probablemente superar los registros de pérdidas

VOLUMEN 33, NUMERO 2, 2015

Y, =131.7-2.30x+0.0169x>, (R>=0.87); Ys,
=6.56-0.12x+0.0008x>,  (R*=0.85); Y, =645.4-
11.7x+0.09x%, (R?>=0.82). In the organoleptic
variables, only pH fitted the model Y,
=2.17-0.0117+9E-05x2, (R?>=0.83). Brix degrees
and titratable acidity did not associate significantly
with severity and there were no clear effects found
of the bacteria on such variables. This possibly was
due to the physiology of Persian lime fruits that tend
to accumulate low concentrations of sugar, and to
the nature of the physiological disorders induced
by CLas; thus, a more prolonged infection period
may be required to induce a detectable alteration
in these variables (Davies and Albrigo, 1994). The
variability of the production data due to the vigor
of trees by multifactor effects of management was
observed in a similar study with sweet oranges
carried out in Brazil, where the dispersion of data in
the correlation of weights of fruits with a severity of
HLB was high, with low determination coefficients
(R?=0.4) (Bassanezi et al., 2011); however, in that
study, harvests from different years were combined
(2004-2007) with different periods of endemicity
(periods of infection); the above it was avoided
in our study where a substantial improvement is
obtained in the determination coefficients of the
generated models.

In a situation of systemic or chronic infection
like the induced by CLas, the estiomated losses in
Persian lime indicated in our study are expected to
increase with time due to the gradual weakening
and productive tree death (Da Graca, 1991;
Gottwald et al., 2007; Bassanezi et al., 2011). Yield
loss in Persian lime was estimated at an amount of
17.3% after 15 months of the beginning of HLB;
it is predictable that in the absence of effective
measures to control the pathogen, tree impairment
would increase annually to probably overcome
loss record indicated for sweet orange (Bassanezi
et al., 2011) furthermore, reach tree death. On the
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indicados para naranja (Bassanezi et al., 2011) y
llegar hasta la muerte del arbol. Por otra parte, en
un proceso epidémico del HLB se requieren varios
ciclos de infeccion para alcanzar una incidencia del
100 % de los huertos. Es necesario que los modelos
de pérdidas integren esta consideracion para evitar
sobreestimar los impactos de la enfermedad (Salce-
do et al., 2010).

CONCLUSIONES

A quince meses de la deteccion de Candidatus
Liberibacter asiaticus en un huerto de limoén per-
sa (C. latifolia) de la regidon de Tizimin, Yucatan,
Meéxico, se encontro que el HLB produjo un efecto
perjudicial en el tamafio, grosor de cascara, pH, vo-
lumen de jugo y peso de los frutos. En las ultimas
dos variables, se encontr6 la mayor reduccidén con
18.62 y 17.31 %, en frutos de arboles con HLB en
comparacion con frutos de arboles sanos, en un ci-
clo productivo. La reduccion en peso implicé una
pérdida en produccion de 2.4 toneladas/ha, la cual
estuvo en funcidon del incremento de la severidad
del HLB en el dosel del arbol (R*=0.8-R?=0.87),
y de la concentracion bacteriana, la cual se estimo
por PCR cuantitativo. Este estudio constituye la
primera evidencia cuantitativa del efecto de Candi-
datus Liberibacter asiaticus en limon persa, bajo la
condicion de reciente ingreso en México.
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other hand, an endemic process of HLB requires
various infection cycles to achieve an incidence of
100 % of the orchards; therefore models to estimate
losses must integrate this consideration to avoid
overestimating the impacts of HLB. This principle
has already been applied in the study (Salcedo et
al., 2010).

CONCLUSIONS

Fifteeen months after the detection of
Candidatus Liberibacter asiaticus in an orchard of
Persian lime (C. latifolia) in the region of Tizimin,
Yucatan, Mexico, it was found that HLB had a
detrimental effect on the size, thickness of skin, pH,
volume of juice and weight of the fruit. In the two
latter variables, the greatest reduction was found
with 18.62 and 17.31 % in fruit trees with HLB
in comparison with fruits from healthy trees, in a
productive cycle. The weight reduction implicate a
2.4 tons/hayield loss, which is related to the severity
of HLB in the canopy tree (R*=0.8-R?>=0.87), and
on the bacterial concentration, which was estimated
using quantitative PCR. This study constitutes
the first quantitative evidence of the effect of
Candidatus Liberibacter asiaticus on Persian limes,
under the condition of recent invasion of Mexico.
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