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Abstract

Huanglongbing (HLB, citrus greening disease) in the major citrus-
producing states of the United States is associated with Candidatus Libe-
ribacter asiaticus (CLas), which is vectored by the Asian citrus psyllid
(ACP). Surveys were conducted in Texas from 2007 to 2017 to assess
the prevalence and titer of CLas in ACPs and citrus trees. ACP and citrus
leaf tissue samples were collected from suspect trees in residential areas
and commercial groves (orchards) and assayed for CLas by quantitative
PCR. CLas detection in ACPs (2011) preceded that of citrus trees (2012)
by several months. Annual incidences of CLas-positive ACPs and leaf
tissue followed an exponential growth pattern over the survey period,
varying from 0.03 to 28.7% in ACPs and 0.6 to 36.5% in citrus trees.
There was a significant and positive relationship between the monthly
incidences of CLas-positive ACP and leaf tissue samples. The propor-
tion of HLB detection sites also increased with time, reaching 26 and

40% of commercial groves and residential sites, respectively, by 2017.
Seasonal variations were observed in the incidences of CLas-positive
ACPs and citrus trees such that significantly more CLas-positive
ACPs and trees were recorded during the fall and winter of a given
year relative to the hot summer. A temporal analysis of the class dis-
tribution of cycle threshold values revealed a trend of increased bacte-
rial accumulation in ACPs and trees over time, with the trend more
pronounced for the former than the latter host type. These findings
provide a comprehensive insight into the ongoing CLas/HLB epi-
demic in Texas, with potential lessons for California and other
citrus-producing areas where the disease is not yet established.
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Citrus (Citrus spp.; family Rutaceae) is an ancient crop cultivated
primarily for its edible fruits, often consumed fresh or juiced. Citrus
fruits are also processed into secondary products such as jams, jellies,
and several items of confectionery. The leaves of certain Citrus species
have culinary benefits, and the fruit peels serve as sources of essential
oils. The establishment of a commercial citrus grove (or orchard) is
considered a lifelong investment because of the tree’s perennial growth
habit. Unfortunately, this growth habit coupled with the sessile nature
of trees in general favors the accumulation and perpetuation of multiple
infectious disease—causing agents within the plant, including those of
fungal, bacterial, and viral etiologies. These infectious agents also ben-
efit from citrus production horticultural practices such as clonal prop-
agation, grafting, and topworking to persist and evolve. Notable
among the scores of documented diseases of citrus are the bacterial cit-
rus canker disease, caused by Xanthomonas citri subsp. citri; the viral
citrus tristeza disease, caused by Citrus tristeza virus; the fungal citrus
black spot, caused by Phyllosticta citricarpa; the root and foot rot,
caused by oomycetes Phytophthora spp.; and the bacterial huan-
glongbing (HLB; citrus greening disease), associated with Candidatus
Liberibacter spp. (Timmer et al. 2000).

HLB is currently the most destructive disease among the many
biotic production constraints of citrus (Bové 2006; da Graga et al.
2016). Although HLB was widely believed to have originated in
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China (Bové 2006; da Graca 1991), Beattie et al. (2008) present a
strong case for the Indian subcontinent as the more likely source,
and the disease is now widespread in many parts of the world, includ-
ing Asia, Africa, South America, and the United States, gravely
threatening global citrus production. HLB-associated losses in Flor-
ida are estimated at several billions of U.S. dollars since the disease
was first detected in the state in 2005 (Singerman et al. 2017). Be-
cause of the lack of effective control measures, Florida’s $9-billion
citrus industry is fighting for survival from the crippling effects of
HLB-associated losses. From its pre-HLB era of being the top citrus
producer in the United States, Florida is now second to California be-
cause of the HLB epidemic.

The most prevalent phloem-inhabiting alphaproteobacterium
identified in HLB-affected citrus trees in the United States is Candi-
datus Liberibacter asiaticus (CLas) (Gottwald 2010). The phloem
colonization of CLas may disrupt the transport of photosynthates,
leading to gradual tree decline and fruit drop. CLas is transmitted
by the phloem-feeding Asian citrus psyllid (ACP), Diaphorina citri
Kuwayama. The ACP was first detected in the United States in Flor-
ida in 1998 (Halbert and Manjunath 2004) and subsequently in the
two other leading citrus-producing states: Texas in 2001 (French
et al. 2001) and California in 2008 (Grafton-Cardwell et al. 2013).
The ACP is also present in other citrus-producing areas of the United
States and its adjoining islands, indicating the invasive nature of this
pest insect (Grafton-Cardwell et al. 2013). HLB was confirmed in
Florida in 2005 (Halbert 2005), and multiyear surveys showed that
the disease became pandemic in the state within 5 years (Gottwald
2010). In addition to the aforementioned direct HLB-associated eco-
nomic losses in Florida, indirect losses caused by the disease include
increased production costs, mainly for intensive pesticide input for
ACP control, and enormous investments by the industry and state
and federal government on research for HLB therapeutics and ACP
control.

The citrus industry in Texas is located in the three southernmost
counties of the state: Hidalgo, Cameron, and Willacy, collectively re-
ferred to as the Lower Rio Grande Valley (LRGV) area (Supplementary
Fig. S1). Citrus production is an integral part of the culture and heritage
of the residents of the LRGV. The Texas citrus industry encompasses
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about 1,500 commercially managed blocks covering about 12,146 ha,
and 750,000 to 1,000,000 trees (20 to 25% of the total commercial cit-
rus tree population in the state) are estimated to be present in residential
settings (Arteaga 2017). Commerecial citrus production in Texas is dom-
inated by grapefruit (Citrus x paradisi Macfad) and sweet orange (C.
sinensis (L.) Osbeck), accounting for 65 and 30% of total acreage, re-
spectively (Supplementary Fig. S1). The remaining 5% consists of
limes and lemons. Unlike Florida, where approximately 95% of all or-
anges grown in the state are processed for juice (USDA/NASS 2016),
citrus production in Texas is destined primarily for the fresh fruit mar-
ket. The varietal composition of dooryard trees largely mirrors that of
commercial groves, with grapefruit and sweet orange being the domi-
nant species. However, the diversity of citrus species in residential set-
tings in Texas is greater than that of commercial groves (Arteaga 2017).
Notably, commercial groves and residential citrus are intermingled in
the LRGV, thus constituting a contiguous ecosystem.

After the first report of HLB and CLas in Florida in 2005 (Halbert
2005), efforts were initiated to survey for CLas in citrus trees and
ACPs in commercial groves and residential sites in Texas. The pri-
mary goals of this HLB mitigation effort in Texas were to identify
CLas-infected trees as early as possible and implement the recom-
mended three-pronged approach for disease management (Bové
2014). The objectives of this study were to assess the prevalence
of CLas in ACPs and citrus trees in Texas from 2007 to 2017 and
to determine the factors influencing the spatial and temporal dynam-
ics of the bacterium under Texas growing conditions.

Materials and Methods

Survey for CLas in citrus trees and ACPs. The study was con-
ducted in commercial citrus groves and residential sites across the
Texas citrus industry (Supplementary Fig. S1). The survey was
designed such that the entire Texas citrus industry (about 12,146

ha) was divided into grids of 2.59 km? each and the number of blocks
per grid enumerated. A block is a solid unit planting of citrus whose
boundaries are delineated by roads and irrigation or drainage canals.
Twenty-five percent of the blocks in each grid were surveyed on a
1-year cycle in an additive manner such that all blocks in the entire
industry (about 1,500 blocks) were surveyed over four cycles (i.e., a
4-year period). The survey routine was then restarted in the fifth year.
Thus, each block was surveyed at least twice over the 10-year study
period. The surveys in residential sites followed an independent grid
system whereby the entire LRGV was divided into 2.59-km? grids.
Twenty-five percent of all grids were surveyed each year in an addi-
tive manner, but only 25 randomly selected residential properties
with dooryard citrus were surveyed per grid. All residential grids
were surveyed over a 4-year period, after which the routine was
restarted. Thus, both survey schemes ensured that the obtained sam-
ples were spatially representative of commercial and residential cit-
rus in the LRGV.

A hierarchical structure was implemented for each commercial
grove survey. Initially, the border trees, that is trees located in the
grove perimeter, were examined for HLB-related symptoms such
as yellow veins, corky veins or leaf mottling, extensive twig dieback,
and small and lopsided fruit with or without color inversion (Fig. 1).
Two surveyors, one on each side of the tree canopy, worked in tan-
dem and walked down the row while carefully examining the tree
from the outer canopy inwards. In the residential sites, the surveyors
examined the trees for HLB-related symptoms, after which suspect
trees were flagged and their Global Positioning System coordi-
nates, name of surveyors, and survey date were recorded. Leaf tis-
sue samples with any of the HLB-related symptoms were then
collected in labeled self-sealing bag. Any tree that tested positive
for CLas during a survey cycle was excluded from sampling in sub-
sequent surveys.

Fig. 1. Diverse huanglongbing (HLB) symptom types on the different citrus varieties including A to D, sweet oranges, E, tangerines, F and G, grapefruit, H, limes, and I, lemon.
Some instances of HLB-associated misshapen fruit symptoms were also observed, particularly on sweet orange and grapefruit trees.
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The sampled commercial and residential trees were also examined
for the presence of ACP nymphs and adults. In commercial groves, a
tap sampling method was used to dislodge adults onto a white moist-
ened plastic board (Hall and Hentz 2010). Adult ACPs from residen-
tial trees were collected with an aspirator. Any fourth to fifth ACP
instars found on the trees were also collected with a camel hair brush.
The ACP individuals were preserved in labeled plastic vials contain-
ing 95% alcohol.

The ACP and leaf tissue samples were transported the same day to
the laboratory on ice packs and kept in a refrigerator until processed,
generally within 2 to 5 days. All survey data were input into a data-
base maintained at the Texas A&M University—Kingsville Citrus
Center in Weslaco, Texas. A quantitative PCR (QPCR)-positive CLas
detection in ACP or leaf tissue border survey samples from a com-
mercial grove triggered an intensive whole grove survey whereby
all the trees (with or without HLB-related symptoms) in the CLas-
positive grove were sampled and tested. However, the intensive
grove survey protocol was discontinued by the industry from sum-
mer 2014 onward.

qPCR analysis. Total DNA was isolated from 200 mg of finely
chopped midrib and petiole tissues excised from the leaf samples.
DNA extractions were made from ACP adults or nymphs. CLas
and Candidatus L. americanus were assayed in DNA samples via
multiplex real-time PCR assays performed on a thermal cycler and
analyzed as previously described (Li et al. 2006, 2008a, b). All reac-
tions contained known positive and negative control DNA samples
and nontemplate water control. A sample was considered CLas-
positive based on a regulatory cycle threshold (Ct) value of =37.

Weather data. Climatic variables were retrieved from a weather
station located in Weslaco, Hidalgo County, Texas, which represents
the geographic midpoint of the commercial citrus industry (http://
southtexasweather.tamu.edu/). They include the air temperature (in
°C), percentage relative humidity, wind speed (in kilometers per
hour), soil temperature (in °C at 15 cm depth), and total rainfall (in
millimeters). The average monthly data for each variable were sum-
marized from January 2007 to December 2017. The heat index
(i.e., the apparent temperature) was also calculated via the formula
described by the National Weather Service Weather Prediction
Center (https://www.wpc.ncep.noaa.gov/html/heatindex.shtml). These
variables were included as explaining descriptors in stepwise regres-
sion to determine factors influencing the spatial and temporal dynam-
ics of CLas under Texas growing conditions.

Statistical data analysis. Analysis of the progress of CLas-
positive groves over time was based on yearly (January to December)
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Fig. 2. Progression of citrus groves that tested positive for Candidatus Liberibacter
asiaticus (CLas) from 2011 to 2017 in Texas. Testing of Asian citrus psyllid and leaf

tissue samples collected during the surveys (Table 1) for CLas by quantitative PCR
did not result in a positive detection from 2007 to 2010.
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cumulative numbers of groves with at least one infected tree present.
The Gompertz model:

(y[f] = 100*exp[-b*exp(-rt)])

was fitted to the cumulative percentages of infected groves out
of the total number of commercial groves in the LRGV, where
b is a parameter related to the initial grove incidence, r is the an-
nual progress rate of CLas-positive groves, and ¢ is the time in
years (¢ = 0 for 2011). The monthly and yearly incidences and the
mean Ct values of CLas-positive ACP and leaf tissue samples were
calculated. The Gompertz model was also used to describe the tem-
poral variations of CLas incidences in ACPs and citrus trees, and
a linear regression analysis was performed to determine the relation-
ship between the monthly CLas incidences in ACPs (x) and leaf tis-
sue (v). The yearly distributions of arbitrary Ct value classes (Ct < 27,
Ct=27to 32, Ct> 32, corresponding to high, moderate, and low bacterial
titers, respectively) were compared via a log-likelihood ratio test. The
yearly distribution of Ct values obtained from CLas-positive ACP and leaf
tissue samples over the study period were determined with box plots. Step-
wise regression analyses were performed to evaluate the effects of climatic
factors and CLas biological data (percentage ACP or tree infection and Ct
values) on the incidences of CLas in citrus trees and ACP populations. Fi-
nally, we predicted the length of time necessary from the first CLas inci-
dence in Texas to attain the saturation point, that is, a point when CLas
incidence is recorded in all commercial groves in the state based on the
Gompertz model. All analyses were run in XLSTAT statistical analysis
software version 2019.1.2 (XLSTAT 2017).

Results

HLB symptoms and disease prevalence. The first confirmation
of CLas infection in citrus trees occurred in 2012 in a sweet orange
(cultivar Valencia) grove located in Hidalgo County (da Graca
et al. 2015; Kunta et al. 2012; Sétamou et al. 2012). The HLB-
affected trees showed typical foliar symptoms of blotchy mottle
and yellow veins (Fig. 1A to D). Over the 10-year survey period, di-
verse HLB symptom types were recorded on the leaves of different
citrus varieties including sweet oranges (Fig. 1A to D), tangerines
(Fig. 1E), grapefruit (Fig. 1F and G), limes (Fig. 1H), and lemon
(Fig. 11). Some instances of HLB-associated misshapen fruit symp-
toms were also observed particularly on sweet orange and grapefruit
trees (Fig. 1A and F), although fruit symptoms were less prevalent.
From a single HLB-affected commercial grove and a residential site
in Hidalgo County in January 2012, HLB prevalence grew exponen-
tially through time and reached about 26% of commercial groves
(Figs. 2 and 3A) and about 40% of residential sites (Fig. 3B) by De-
cember 2017. The Gompertz model accurately described the progres-
sion of CLas detection in commercial groves over time, with strong
goodness-of-fit (adjusted > = 0.99; Fig. 2). The annual rate of pro-
gression of CLas-infected groves was estimated at 0.30/year™!
(Fig. 2). An overlap of positive detection sites of both ecologies,
commercial groves and residential sites, was observed (Fig. 3). No-
tably, we observed greater aggregation of CLas-positive trees around
urban—grove interfaces (data not shown), suggesting that disease
spreads in both ecologies directly influence each other. Some of
the commonly observed attributes of the HLB-positive residential sites
include the young age (=5 years) of the infected trees, year-long pres-
ence of flush shoots on the trees, and disproportionately high abun-
dance of ACP life stages (data not shown). In contrast, trees in
commercial groves were characterized by an average age of 15 years
(range 1 to 36 years), cyclical presence of flush shoots (about 5 per
year), and low ACP population densities, caused by the implementa-
tion of intensive industry-mandated psyllid control programs. To date,
HLB detections have also been reported in 11 other counties across
Texas (Aransas, Brooks, Calhoun, Fort Bend, Harris, Kennedy, Kleberg,
Montgomery, Nueces, Starr, and Webb), whereas ACP occurs state-
wide. A link to an interactive map of HLB quarantine areas in Texas
is available at https://www.texasagriculture.gov/RegulatoryPrograms/
PlantQuality/PestandDiseaseAlerts/CitrusGreening.aspx.
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CLas incidence in ACP and citrus trees. All ACP and leaf tissue
samples collected from 2007 to 2010 (Table 1) tested negative for
CLas by gPCR (Fig. 2). The first CLas detection was recorded in
ACPs in 2011 with an incidence of 0.03% (21/7,002) (Table 1;
Fig. 4A). All 7,370 leaf tissue samples tested in the same year were
negative for CLas (Table 1; Fig. 4C), indicating an early detection of
CLas in ACPs relative to leaf tissues. The first CLas-positive leaf tis-
sue was confirmed in January 2012 from a commercial sweet orange
grove (cultivar Valencia), several months after first detection in
ACPs. In 2012, cumulative CLas incidence in ACPs (Fig. 4A) and
citrus trees (Fig. 4C) sampled from both residential and commercial
sites were 1.4% (168/11,992) and 0.61% (47/7,679), respectively.
Annual percentages of CLas incidence in ACPs and citrus trees in-
creased exponentially from the initial detection levels in both tissue
types over the 10-year survey period (Fig. 4A and C). The annual rate
of increase in overall CLas incidence was similar between ACPs
(v = 100*exp[—19.31*exp(-0.39%1)]; F = 246.41; df = 2, 6; P <0.0001;
pseudo-R? = 0.98) and trees (y = 100%exp[—11.83%*exp(-0.34*1)];
F=114.14; df = 2, 6; P < 0.0001; pseudo—R2 = 0.96) (Fig. 4A
and C), as shown by the overlapping confidence intervals (Cls)
of both rates of increase (ACP CI = 0.29 to 0.48; tree CI = 0.22
to 0.46). Additional analysis revealed peaks in CLas incidences
in ACPs and citrus trees (Fig. 4B and D) during the fall and winter
(September to March) and lower incidences during the summer
(late May to July) under Texas growing conditions. The only ex-
ception was 2016, when CLas incidence in citrus trees peaked be-
tween June and August (Fig. 4D). Based on a simple regression
analysis, a positive and direct relationship was observed between
monthly CLas incidences in ACPs (x) and leaf tissue (y) (y =
0.89x + 3.87; t=9.77; R* = 0.53; P < 0.0001), indicating that each
unit increase of CLas incidence in ACPs is equivalent to a 0.89 in-
crease in trees.

Dynamics of CLas titer in ACPs and citrus trees. The mean Ct
values of CLas-positive ACPs from 2011 to 2017 was 33.4 (range =
20.6 to 37) (Fig. 5A). However, the values ranged from 17.6 to 37
(mean = 25.6) in citrus leaf tissues during the same period (Fig.
5B). A temporal analysis of the class distribution of Ct values
revealed consistently greater proportion of ACP and citrus trees with
higher bacterial titer (Ct < 27) over the years (Fig. 5C and D), with
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this trend more pronounced for ACP (log-likelihood ratio G = 84.30,
df = 10, P < 0.0001; Fig. SA and C) than leaf tissues (log-
likelihood ratio G = 40.38, df = 8, P < 0.0001; Fig. 5B and D). A lin-
ear regression analysis of the yearly median Ct values through time
indicated a significant downward trend for ACP (y = 35.18 —
0.67x; t = 2.91; R = 0.62; P = 0.02) compared with leaf tissue
(y =24.50 + 0.10x; t = 0.44; R?>=0.07; P = 0.67). Taken together,
the results showed that that the psyllid accumulation of CLas is more
time dependent than that of citrus trees, based on the more pro-
nounced shifts in percentage across the Ct categories.

Factors regulating CLas incidence in ACPs and citrus trees.
To understand the factors regulating CLas incidences in ACPs and
citrus trees, we performed stepwise regressions to evaluate the effects
of climatic factors and potential inoculum sources on both host types.
The monthly CLas incidences in citrus trees were positively affected

Table 1. Yearly total number of Diaphorina citri and citrus leaf tissue samples
tested? for the presence of Candidatus Liberibacter asiaticus (CLas) from 2007
to 2017 in Texas

D. citri

(adults and nymphs) Citrus leaf tissue
Year Total CLas-positive Total CLas-positive
20072 36 0 83 0
2008 253 0 401 0
2009 18,000 0 5,212 0
2010 11,328 0 5,310 0
2011 7,002 21 7,370 0
2012 11,992 168 7,679 47
2013 17,103 185 9,020 107
2014 6,354 274 17,402 1,623
2015 3,978 225 20,469 2,170
2016 4,202 577 10,483 1,824
2017 2,122 741 13,958 4,684

2 Insects and leaf samples were submitted to the U.S. Department of Agriculture
(USDA) Animal and Plant Health Inspection Service laboratory in Gastonia
for testing in 2007. From 2009 onward, all testing was performed at the
USDA-certified Texas A&M University—Kingsville Citrus Center laboratory.

B Residential sites
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Fig. 3. Distribution maps of A, citrus groves and B, residential sites with trees tested positive for Candidatus Liberibacter asiaticus (CLas) from 2012 to 2017 in Texas. Areas shaded
green = commercial citrus groves; red circles = CLas-positive sites. Blue lines represent county or international boundaries. Testing of Asian citrus psyllid and leaf tissue samples
collected during the surveys (Table 1) for CLas by quantitative PCR did not result in a positive detection from 2007 to 2010.
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by total rainfall, the incidences of CLas-positive ACPs, and CLas ti-
ter in citrus leaf tissue (Table 2). In contrast, the CLas incidences in
citrus trees were negatively affected by mean high temperature and
percentage relative humidity (Table 2). The monthly CLas inci-
dences in ACPs were positively affected by mean low temperature
and the incidence of CLas-positive citrus trees (Table 2). In con-
trast, CLas incidences in ACPs were negatively affected by wind
speed, total rainfall, and the heat index (Table 2). The results indi-
cated that CLas prevalence is influenced by the presence of
inoculum sources and certain environmental factors, in a host-
dependent manner. The results also agree with observations derived
from the LRGV climatic data that showed greater than the approx-
imate optimal temperatures for the establishment of CLas in citrus
plants (Gasparoto et al. 2012) and growth and development of
ACPs (Liu and Tsai 2000) during the late spring and summer
(Fig. 6).

Prediction of CLas spread in commercial groves. Using param-
eters derived from the Gompertz model, which showed an annual
growth rate of 0.30 (Fig. 2), we developed a predictive model of CLas
spread across commercial groves in the LRGV. The results showed
that the speed of initial epidemic development was faster, with
50% of groves infected by 2018 to 2019 and 90% by 2024 to
2025, and tapered onward with saturation (approximately 100%
prevalence of infection) reached by 2035. Thus, the results indicated
that it would take 24 years from the first confirmed incidence of CLas
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in Texas (2012) to reach the point of saturation (2035) whereby
100% CLas prevalence is recorded across the commercial citrus
industry in the state (Fig. 7).

Discussion

After the first report of HLB in Florida in 2005, citrus growers
and industry stakeholders in Texas were concerned about possible
spread of the disease into the state and its potential negative im-
pacts on the industry. The ACP was first reported in Texas in
2001 (French et al. 2001), and it became widespread across the
LRGYV by 2007 (da Graga et al. 2008, Sétamou et al. 2008). There-
fore, after introduction CLas had the potential to rapidly become
an epidemic in the commercial citrus production area via vector-
mediated spread. To limit the risk of HLB introduction into Texas
and its spread, an assessment of possible pathways was made, and
four mitigation efforts were implemented beginning in 2006.
These were the initiation of an area-wide CLas detection program
in ACPs and citrus trees in 2006, with the goal of early detection
and elimination of infected trees; enactment of legislation in 2008
to prevent the importation of rutaceous host plants of ACP into
Texas; a transition from traditional open-field nurseries to
enclosed facilities with insect-resistant screens to mitigate the risk
of planting materials serving as sources of CLas spread in 2012;
and implementation of an area-wide ACP control program in com-
mercial groves to reduce vector population densities starting in
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Fig. 4. Seasonal fluctuations of Candidatus Liberibacter asiaticus (CLas) incidence in A and B, Diaphorina citri and C and D, citrus trees sampled from commercial and dooryard
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positive detection from 2007 to 2010.
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2010. Despite these efforts, the first CLas-infected ACPs and cit-
rus tree were confirmed in 2011 and 2012, respectively (Figs. 3
and 4), suggesting an inadvertent introduction of infected plant
material or bacteriliferous ACPs before enforcement of the exclu-
sionary measures. This and the subsequent CLas-positive detec-
tions triggered the removal of the infected trees and the
implementation of both state and federally mandated quarantine
measures as mentioned earlier. However, the infection foci
continued to grow beyond the quarantine areas, indicating a
continuous spread of the disease. Possible reasons include the in-
effectiveness of the tree eradication measures, the persistence of
vector-mediated spread despite implementation of the area-wide
ACP control program, the influence of residential citrus, or a com-
bination of all three. The ACP was not considered a pest of eco-
nomic importance in Texas groves before HLB, and therefore
no targeted control measures were implemented. Tree eradication
relied on symptom-based sampling for CLas detection, hence the
inherent risk of not sampling trees during the incubation period.
Whereas the area-wide ACP control program was successfully
implemented in commercial groves, residential citrus trees con-
tinued to be breeding sites and sources of ACP reinfestation, as
previously documented for different invasive species (Alston
and Richardson 2006; Gasparoto et al. 2018; Gavier-Pizarro
et al. 2010). These situation-specific factors may explain the ex-
ponential growth of CLas incidences in ACPs and citrus trees
and HLB prevalence over the study period. By 2014, most
growers ceased removing confirmed CLas-positive trees in ma-
ture (=7 years) groves because of increased risks of disease
spread and economic considerations. There is also the possibility
that the trade of open-field nursery trees, exposed to HLB,
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facilitated disease spread within the LRGV and across the state
before the new enclosed nursery regulation came into effect, as re-
ported earlier (Alabi et al. 2014).

The spatial pattern of HLB-positive groves points to a clustering in
the mid-Valley area (between interstate highways 69C and 69E; Fig.
3). An interesting feature of this section of the LRGV is that most
commercial groves are interfaced with residential neighborhoods
with abundant citrus trees in backyards. Coincidentally, most of
the open-field nursery facilities were also located in this area, sug-
gesting that these young trees may have been exposed to CLas infec-
tion before planting. In addition, we observed disproportionately
higher ACP densities in the same area, which may be a consequence
of frequent production of new flush shoots by these young nursery
trees. Indeed, the retail nursery facilities implicated in HLB spread
into Fort Bend, Harris, and Montgomery counties received plants
from an open-field nursery facility in the mid-Valley area (Alabi
et al. 2014), further supporting our observation. This finding under-
scores the role of nursery trade in facilitating both short- and long-
distance CLas spread (Halbert et al. 2012) and the importance of their
propagation in enclosed certified structures.

Analyses of Ct value classes obtained from CLas-positive ACPs
and citrus trees point to an increased bacterial titer in both tissue types
over time (Fig. 5). CLas is capable of replicating within ACPs and
citrus trees after acquisition and infection, respectively (Ammar
et al. 2016; Coletta-Filho et al. 2010; Inoue et al. 2009). It is also
plausible that ACP-mediated reinfection of CLas-positive citrus trees
would result in greater bacterial accumulation through time. Further-
more, because the analyzed ACPs are feral individuals, we cannot
discount the possibility that a greater proportion of the tested insects
acquired CLas as nymphs. Despite the observed increased bacterial
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Fig. 5. A and B, Yearly and C and D, class distributions of Candidatus Liberibacter asiaticus (CLas) cycle threshold (Ct) values of positive Asian citrus psyllid (D. citri) and citrus
trees in Texas. The arbitrary classes of Ct values correspond to high (<27), medium (27 to 32), and low (>32) bacterial titers. Testing of Asian citrus psyllid and leaf tissue samples
collected during the surveys (Table 1) for CLas by quantitative PCR did not result in a positive detection from 2007 to 2010.
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titer in ACPs over time, the higher mean Ct values in ACPs, corre-
sponding to lower bacteria titers, relative to leaf tissue (Fig. 5) opens
up the possibility that certain factors may be limiting bacterial accu-
mulation and replication within ACP under Texas growing
conditions. Among several considerations, we propose that the
area-wide ACP management program in Texas contributes by limit-
ing successful reproduction and development of ACPs in groves. It
has been shown that CLas acquisition and replication in ACPs is
more efficient in nymphs than in adults (Ammar et al. 2016). There-
fore, the majority of our ACP catches in commercial groves probably
acquired the bacterium on residential trees, where little or no vector
management is implemented, before their migration into commercial
groves because of the close interface between the two habitats in
south Texas.

One of the often-neglected vertices of the disease triangle (or pyr-
amid) is the environment. Climatic factors may modulate the host
plant response to pathogen infection as well as vector-pathogen
and vector-host interactions (Lewis-Rosenblum et al. 2015; Lopes
etal. 2017; Velasquez et. al. 2018). Our stepwise regression analyses

showed that whereas the monthly CLas incidences in citrus trees
were positively affected by total rainfall, the incidences of CLas-
positive ACPs, and CLas titer in citrus leaf tissue (Table 2), the con-
verse was true for the mean high temperature and percentage relative
humidity (Table 2). Total rainfall may indirectly promote increased
psyllid and bacterial densities by increasing production of young
flush shoots that are necessary for ACP reproduction and accelerated
CLas multiplication (Lee et al. 2015; Sétamou and Bartels 2015). In a
recent study, Shimwela et al. (2018) also reported a positive relation-
ship between total rainfall and HLB incidence in Florida, indicating
that this interaction cuts across citrus industries. The influence of the
other two positively related parameters (i.e., incidences of CLas-
positive ACPs and CLas titer in citrus leaf tissue) is more direct
because higher CLas titers in citrus trees provide opportunities for
bacterial acquisition by ACPs, and the abundance of bacteriliferous
ACP populations would result in greater incidences of CLas-positive
trees. Conversely, the negative relationships between the mean high
temperature and percentage relative humidity on one hand and the
monthly CLas incidences in citrus trees on the other may be

Table 2. Factors affecting the percentages of Diaphorina citri and citrus trees infected by Candidatus Liberibacter asiaticus (CLas) in Texas, as determined by

multiple regression analysis using the best model selection method®

CLas infection t P B F df C, P Adjusted R?
Citrus leaf tissue
Overall model 16.07 6, 65 4.16 <0.0001 0.61
Intercept 5.40 <0.0001 88.74
Total rainfall (mm) 3.16 0.003 1.80
Mean high temperature (°C) 2.63 0.011 -0.26
RH (%) 6.84 <0.0001 -0.61
9% CLas-positive D. citri 2.58 0.014 0.41
Cycle threshold value of CLas-positive 3.18 0.002 -0.55
tissue
D. citri
Overall model 6.36 6, 65 4.64 <0.0001 0.35
Intercept 2.14 0.037 15.30
Wind speed (km/h) 3.12 0.003 -1.49
Total rainfall (mm) 2.37 0.021 -1.09
Mean low temperature (°C) 2.25 0.028 0.87
Heat index 2.17 0.035 -0.65
% CLas-positive Citrus trees 2.96 0.005 0.22

2 t = Student r-value; P = probability indicating significance level of the variable; 3 = regression coefficient; F = Fischer’s F-value; df = degrees of freedom; C, =
Mallows’s C,,; the nearer C, is to the number of independent variables included in the model, the less biased is the model.
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explained by the fact that extreme digits of both parameters and their
prolonged durations during the growing season in the LRGV may di-
rectly affect CLas infection and establishment in trees (Gasparoto
et al. 2012) and ACP growth and development (Liu and Tsai 2000)
(Fig. 6). Gasparoto et al. (2018) reported that higher ambient temper-
atures >27°C are detrimental to CLas infection of citrus trees, in line
with our inference. Among the climatic factors related to the monthly
CLas incidences in ACPs, a positive effect was detected for the mean
low temperature, whereas wind speed, total rainfall, and the heat in-
dex showed negative effects (Table 2). Higher wind speed and rain-
fall may affect the settling and dispersal behavior of ACPs, thus
reducing opportunities for encountering CLas-positive tissues for
acquisition or new hosts for transmission. However, high heat in-
dex is detrimental to psyllid development and bacterial replication.
In contrast, the mean low temperature ranges in the LRGV (20 to
26°C) during active vegetative growth stages are optimal for
ACP development (Hall et al. 2013), which may explain the posi-
tive relationship.

Although exponential growth was observed in the incidence of in-
fected trees, the annual rate of increase in Texas (0.34) was slower
than those reported from Florida (1.37 to 2.37) (Gottwald 2010).
More than 90% of commercial groves in Texas were 15 years or older
(mature groves) at the onset of the epidemics, which probably also
contributed to the observed slow spread because mature trees flush
less frequently and harbor fewer psyllids than younger trees
(Sétamou and Bartels 2015). As previously reported, disease prog-
ress is influenced by the age of the grove at first infection (Gottwald
2010), among other factors. In addition, it is worth examining the in-
fluence of production practices on CLas/HLB progression. Unlike in
Florida, citrus production in Texas is pest management intensive be-
cause the fruits are destined for the fresh market. Although ACPs
were not considered a major pest in Texas before HLB detection in
Florida, most pesticides targeted at other economically important ar-
thropod pests also have efficacy on psyllids. Thus, ACP densities in
Texas were generally lower than those recorded in Florida before
implementation of the area-wide management program (Flores
et al. 2009). There is also the possibility that the first CLas detection
in Texas occurred at the onset of the epidemic.

In conclusion, this 10-year study provided a comprehensive in-
sight into the ongoing CLas/HLB epidemics in Texas, with poten-
tial lessons for California and other citrus-producing areas where
the disease is not yet present or widespread. As grower confidence
increases and new plantings are established, the current disease dy-
namics may be altered because of the lower median age of commer-
cial groves. The persistence of infected trees in residential areas and
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Fig. 7. A predictive model (Gompertz) of progression of the prevalence of Candidatus
Liberibacter asiaticus (CLas) in commercial citrus groves in Texas.

commercial groves that no longer implement tree removal may also
accelerate disease spread through constant inoculum pressure.
Therefore, strategies to protect new plantings from infection and
the continued implementation of area-wide ACP management, in-
cluding the so-called SMARTHLB approach (Sétamou and Alabi
2018), may hold the key to the sustainability of the Texas citrus
industry.
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