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Abstract: Huanglongbing (HLB) is an important citrus disease associated with the phloem-limited,
uncultured bacterium ‘Candidatus Liberibacter asiaticus’(CLas). Effective treatments against CLas
have to be validated in the field, however, methods for the field assessment of treatment effectiveness
are time-consuming, in part because DNA-based assays, including quantitative PCR (qPCR), cannot
differentiate between live and dead bacterial DNA. The aim of this study was to develop a method
for rapid the evaluation of HLB therapies in field experiments. To this aim, a DNA extraction
method from citrus leaf tissues with propidum monoazide (PMA), a dye that binds covalently to
dsDNA making it unavailable for amplification in subsequent qPCR reactions, was optimized. The
results indicated that the efficacy of PMA-qPCR was highly dependent on the primer set used.
Primers targeting the 16S region of CLas showed a clear distinction between qPCR from PMA-treated
and non-treated samples, while the RNR and LJ900 primers did not show significant differences
between the DNA extraction methods. The PMA-qPCR viability analysis of CLas from citrus cuttings
treated with different ampicillin (Amp) concentrations showed that all concentrations reduced CLas
titers significantly starting 4 days after the initial treatment, unlike the water treatment, which
did not show any change. This method was used for assessing the antibacterial activity of Amp,
Streptomycin, Oxytetracycline (OTC), and a water control in field tests. The PMA-qPCR results
indicated that Amp and OTC displayed significant antibacterial activity against CLas by 8 days
post-injection, which was not detected in the non-PMA qPCR analysis. This method could allow the
rapid validation of treatments against CLas in field experiments and facilitate the implementation of
effective management strategies against HLB.
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1. Introduction

Citrus Huanglongbing (HLB), also known as citrus greening, is a disease affecting
citrus industries worldwide. HLB was first reported in Guangdong, China in 1919 [1],
and it remains an important citrus disease in this country [2]. HLB was also described
in Brazil in 2004 but may have been there since early 1990s [3,4]. In the United States,
HLB was first found in Florida in 2005 and has since rapidly spread to Texas, Louisiana,
South Carolina, Georgia, and California [5,6]. Since 2005, Florida has experienced a severe
reduction in citrus acreage and production due to HLB of 38% and 74%, respectively [7].
Sweet orange production dropped from 150 million boxes in 2005–2006 to 72 million boxes
in 2018–2019 [8]. Thus, efforts are underway to develop effective strategies to manage HLB
and maintain crop productivity [9–11].

HLB is associated with three species of uncultured, phloem-restricted proteobacteria,
namely ‘Candidatus Liberibacter asiaticus’ (CLas), ‘Candidatus Liberibacter americanus’
(CLam), and ‘Candidatus Liberibacter africanus’ (CLaf) [3,12,13]. CLas is a heat-tolerant
bacterium and can thrive under high-temperature conditions extending to 35 ◦C [14]. This
species is the most prevalent HLB-associated Liberibacter sp, in the world [3], and it is
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also the only one found in the United States [15]. Several studies have demonstrated that
heat treatment and antibiotic use, such as ampicillin and tetracycline, can eliminate or
suppress CLas presence in citrus plants under controlled conditions [16–23]. Although
many HLB detection methods have been developed [24–27], the rapid assessment of treat-
ment effectiveness in the field is challenging, mainly because of the limited strategies to
assess pathogen concentrations. Due to the inability to isolate and culture CLas on growth
medium from HLB-affected citrus, DNA-based methods, most commonly quantitative
polymerase chain reaction (qPCR) [3], are usually applied for HLB detection. However, be-
cause CLas DNA is detectable for 5 months after bacterial death [28], the use of DNA-based
molecular methods for evaluating therapies is limited, because they cannot differentiate
between live and dead bacterial cells. For instance, a reduction in CLas titers after heat or
antibiotic treatments was not detected using the qPCR method from more than 5 months
after initial treatment [16,19,20]. Moreover, some chemical screening systems, including a
periwinkle regeneration system [29] and grafted-based assays [21,30,31], also need a long
period (2 to 6 months) for the evaluation of antibacterial activity of chemical compounds
against CLas via qPCR. Therefore, qPCR assays may overestimate live CLas populations,
resulting in long wait periods for evaluating effective treatments.

Several attempts have been made to quantify only live CLas cells based on qPCR
assays. RNA-based RT-qPCR assays have been used for assessing the cell viability of
bacterial pathogens, including CLas [32–34]. Although the short half-life of RNA should
represent the live bacterial population more accurately, the rapid degradation of RNA in
samples may lead to false negative results [35]. Moreover, the need to flash freeze the
samples with liquid nitrogen to maintain RNA integrity may limit its applicability for field
studies. Another option is to remove background DNA (including naked DNA or DNA
from dead cells) to only detect DNA from living cells. Ethidium monoazide (EMA) has
been used during DNA extraction to block the DNA from dead cells and, thus, only detect
the DNA extracted from live cells in the consequent qPCR reactions [36]. However, EMA
has poor selectivity, and it can also penetrate into live cells during the pretreatment step
and, thus, cause DNA loss from live cells [37,38]. A novel DNA-binding dye, propidium
monoazide (PMA), can overcome this limitation. PMA is added to samples, and it strongly
binds DNA. When activated through light excitation, the dyes form a covalent crosslink
with the DNA and render it unavailable as a PCR template. PMA is highly selective and
does not penetrate intact cell membranes; DNA from live bacterial cells is unaffected. Only
DNA from dead bacterial cells with compromised cell membranes will be bound by the
treatment [39]. Recently, a procedure was developed to detect live CLas in citrus using
PMA in conjunction with qPCR [40]. This method was used to study the seasonal effects on
CLas growth in different hosts [41]. In addition, an in vitro protocol for screening chemical
compounds against CLas in psyllid using PMA-qPCR was developed [42]. However,
this method has not been used for the assessment of treatments against HLB. Therefore,
validating the PMA-qPCR for the evaluation of field treatments for HLB management can
accelerate the validation and release of effective treatments to citrus growers.

Currently, it has been reported that three primer sets, designed based on the 16S rRNA
gene (HLBas/HLBr) [43], nrdB, β-subunit of ribonucleotide reductase (RNRf/RNRr) [44],
and hyvI/hyvII of prophage (LJ900f/LJ900r) [45], are suitable for detecting CLas by quanti-
tative PCR. However, it is not known whether these genes are stable in response to stress,
including antibiotics and heat. In this study, PMA-qPCR was optimized by evaluating
three primer sets under antibiotic and heat treatments using HLB-affected citrus cuttings.
Subsequently, the optimized PMA-qPCR assay was validated by assessing live CLas in
HLB-affected citrus trees after antimicrobial treatments to evaluate their effectiveness in
the field.
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2. Materials and Methods
2.1. Plant Materials

CLas-infected citrus cuttings displaying typical HLB symptoms were collected from
HLB-affected grapefruit trees in May 2020, at the Texas A&M university Kingsville citrus
center south farm (E97◦57”, N26◦7), in Weslaco, TX, USA.

2.2. Evaluations of Primer Sets for Live CLas Detection

Three primer sets (HLBas/HLBr, RNRf/RNRr, and LJ900f/LJ900r) were evaluated for
detecting live CLas via PMA-qPCR after heat and Amp (Ampicillin sodium salt, Sigma-
Aldrich) treatments (Table 1). Six HLB-affected citrus cuttings (15–18 cm) were sampled
and exposed to temperature treatments with three cuttings incubated at 60 ◦C and three
cuttings at room temperature (23 ± 0.2 ◦C). Two to three leaves per cutting were collected
before treatment and 24 h after treatment. In a separate assay, three HLB-infected citrus
cuttings were soaked in Amp (3000 ppm) solution and three cuttings were soaked in water
as described below. Two to three leaves per cutting were collected before treatment and
16 days after treatment. All samples were prepared for DNA extraction with and without
PMA and subjected to qPCR as described below. Three independent experiments were
performed, and all treatments were conducted using three biological replicates.

Table 1. Sequence of qPCR primer.

Primer Sets Type Sequence (5′-3′) Source

HLBas/HLBr
HLBas TCGAGCGCGTATGCAATACG

[43]HLBr GCGTTATCCCGTAGAAAAAGGTAG
HLBp FAM-AGACGGGTGAGTAACGCG-BHQ

RNRf/RNRr
RNRf CATGCTCCATGAAGCTACCC

[44]RNRr GGAGCATTTAACCCCACGAA
RNRp FAM-CCTCGAAATCGCCTATGCAC-BHQ

LJ900f/LJ900r
LJ900f GCCGTTTTAACACAAAAGATGAATATC

[45]LJ900r ATAAATCAATTTGTTCTAGTTTACGAC
LJ900p FAM-ACATCTTTCGTTTGAGTAGCTAG-BHQ

2.3. DNA Extraction

DNA was extracted from 0.1 g (fresh weight) of leaf tissue following Hu’s protocol with
minor changes as follows [40]. Briefly, 120 mg of finely chopped midribs were pulverized
with liquid nitrogen to make a homogenized tissue pool and divided into two portions
of 50 mg tissue each. One portion was mixed with 1mL of PMA solution (PMAxx™,
Biotium, Fremont, CA, USA) (final concentration of 25 µg/mL) and incubated in the dark
for 10 min with occasional mixing by vortex. Samples were then exposed to light using
a PMA–Lite LED Photolysis Device (Biotium, Fremont, CA, USA) for 15 min and mixing
by vortex every 5 min to ensure all parts of the sample were exposed to light. The other
50 mg portion of tissue received the same treatments but without PMA added. After
5 min of centrifugation at 13,200 rpm, 800 µL of the supernatant was discarded from each
tube and the remaining pellets were used for DNA extraction. DNA was extracted using
the cetyltrimethylammonium bromide (CTAB) extraction method as follows. A total of
400 µL of extraction buffer (3% CTAB, 100 mM Tris-HCl, 20 mM EDTA, 1.4 M NaCl, 5%
polyvinyl pyrrolidone, pH 8.0) were added to the pellets and disrupted in a Mini-Bead
Beater (Biospec products, Bartlesville, OK, USA) at max speed for 4 min. Samples were then
incubated at 65 ◦C for 30 min, and 200µL of 5M Potassium Acetate/Acetic Acid was added
to each tube, mixed by vortex, and incubated on ice. Samples were centrifuged for 5 min
at 15,000 rpm and the supernatant was transferred to a new tube and gently mixed with
900 µL of isopropanol. The solution was transferred to a spin-column (Genessee Scientific,
San Diego, CA, USA) and centrifuged at 8000 rpm for 60s. The spin column was then
washed twice with 70% ethanol, and DNA was eluted by adding 50 µL of AE buffer (10
mM Tris-Cl, 0.5 mM EDTA, pH 9). The DNA was stored in a −20 ◦C freezer.
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2.4. qPCR Evaluation

The qPCR was conducted with the primer sets listed in Table 1 using the QuantStudio
3 Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) in a 20 µL reaction
volume consisting of 300 nM (each) target primer (Table 1), 150 nM target probe, and
1 × TaqMan qPCR Mix (Applied Biosystems) [43]. The amplification protocol was 95 ◦C
for 20 s followed by 40 cycles at 95 ◦C for 3 s and 60 ◦C for 30 s. All reactions were
conducted in triplicate and each run contained one negative (DNA from healthy plant)
and one positive (DNA from CLas-infected plant) control. Data were analyzed using the
QuantStudio 3 Real-Time PCR System with SDS software (version 2.4).

The resulting Ct values were converted to estimated CLas bacterial titers using the
general regression equation Y = 13.82–0.2866X, which calculates the estimated bacterial
population based on a previously standardized 16S copy number curve using HLBas/HLBr
primers, where Y is the estimated log concentration of cells and X is the Ct value obtained
from the qPCR [46].

2.5. Citrus Cuttings Assays

Heat treatment: Nine HLB-infected citrus cuttings were exposed to three temperature
regimes, consisting of 50 ◦C, 55 ◦C, or 60 ◦C, for 30 min in an imperial II incubator (Lab-line
instruments, Inc, Melrose park, IL, USA), and three cuttings were kept at room temperature
(RT, 23 ± 0.2 ◦C) as untreated controls. DNA extraction was performed on 2–3 leaves
per citrus cutting that were collected immediately before and 24 h after treatment. All
the leaf samples were prepared for DNA extraction with and without PMA for CLas
quantification. All treatments were conducted using three biological replicates (three
cuttings per treatment), and the experiment was performed three times.

Antimicrobial treatment: Three HLB-infected citrus cuttings per treatment were soaked
in 100 mL Amp solution at different concentrations of 0 (control), 1000 ppm, 2000 ppm, and
3000 ppm for 24 h at room temperature (23 ± 0.2 ◦C). Then, the solution was replaced with
double-distilled sterile water and kept at room temperature. Two to three leaves from each
cutting were collected at day 0 (before treatment), and 4, 8, 12, and 16 days after treatment
for DNA extraction with and without PMA for CLas quantification.

In a separate experiment, three HLB-infected citrus cuttings per treatment were soaked
in 100 mL ampicillin sodium (Amp, 3000 ppm), oxytetracycline hydrochloride (OTC)
3000 ppm (FIRELINE™ 17 WP, Agrosource, Cranford, NJ, USA), streptomycin sulfate
(Strep) 3000 ppm (FireWall™ 50 WP, Agrosource, Cranford, NJ, USA), and double-distilled
water control (CK). Two leaf samples from each cutting were collected at 0 and 8 days after
treatment for DNA extraction and live CLas quantification. All treatments were performed
using three biological replicates and three independent experiments.

2.6. Validiation of PMA-qPCR for Evaluation of Antimicrobials agaisnt CLas in the Field

The field evaluation was performed in 8-year-old HLB-affected grapefruit trees located
at Texas A&M university Kingsville citrus center main farm (E97◦57”, N26◦9′). A total
of 20 mL Amp (10,000 ppm), OTC (10,000 ppm (FIRELINE™ 17 WP, Agrosource), Strep
(10,000 ppm (FireWall™ 50 WP, Agrosource) solution, and double-distilled water treatment
(CK), were applied to HLB-affected grapefruit trees by trunk injection in August, 2021,
using Chemjet® Injectors (Chemjet Trading, Queensland, Australia) in the field. Two
injection ports were made per tree by drilling 25 mm deep holes with a 4.2 mm drill bit
(11/64) at opposite sides of the trunk positioned 15 cm above the bud union. Two branches
displaying typical HLB symptoms located at opposite side of the tree trunk were tagged
for monitoring live CLas titers for each treatment. Samples of mature leaves (2–3 leaves)
from the tagged symptomatic branches were collected at 0, 2, 4, and 8 days after treatment.
Collected leaf samples were placed in a plastic bag and kept in an ice box, out of direct
sunlight, until being transported back to the laboratory. Then, all the samples were frozen in
liquid nitrogen and stored at−80 ◦C for future DNA extraction and live CLas quantification.
Three trees were selected for each treatment.
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2.7. Statistical Analysis

The data were analyzed as a generalized linear mixed model using the SAS procedure
GLIMMIX 8.1. Differences among different treatments were assessed by Duncan’s multiple
range tests at p < 0.01.

3. Results
3.1. Evaluation of Primer Sets

The analysis of variance showed a significant effect of PMA use prior to DNA extrac-
tion in terms of the Ct values for all the primer sets (HLBas/HLBr p = 0.0001, RNRf/RNRr
p = 0.0002, LJ900f/LJ900r p = 0.0001; Table S1). Without PMA treatment, differences in Ct
value after heat treatment at 60 ◦C were not detected with the HLBas/HLBr (p = 0.0568)
and LJ900f/LJ900r (p = 0.0630) primer sets, while it detected a significant decrease in the
Ct value with the RNR primers (p = 0.0023) (Figure 1A). In addition, the Ct value was
significantly increased after heat treatment when using the PMA and HLBas/HLBr primer
set (Figure 1A) (p= 0.0003). In contrast, a significant decrease in the Ct value after heat
treatment was detected with the primer sets RNRf/RNRr (p = 0.0055) and LJ900f/LJ900r
(p = 0.0004) (Figure 1A). The analysis of the room temperature controls showed no change
in the Ct values without PMA in any of the three primer sets, although with PMA, the
primer sets HLBas/HLBr (p = 0.0001) and RNRf/RNRr (p = 0.0076) show a significant
decrease, respectively (Figure 1A).
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PMA-qPCR using three different primer sets. (A) Heat treatment at temperature 60 ◦C; (B) Amp
treatment (3000 ppm). Significant differences between different time points are indicated by * p ≤ 0.05
and ** p ≤ 0.01. Standard error of the mean is indicated by a vertical line. HLB-16S, RNR, and LJ900
indicate primer sets HLBas/HLBr, RNRf/RNRr and LJ900f/LJ900r, respectively.

In the antimicrobial treatment (Amp), the analysis of variance indicated that there
were significant differences in the Ct values between the PMA-treated and untreated
DNA with the HLBas/HLBr (p = 0.0001), RNRf/RNRr (p = 0.0082), and LJ900f/LJ900r
(p = 0.0044) primer sets (Table S2). Sixteen days after Amp treatment, the Ct values detected
by HLBas/HLBr were significantly increased (Figure 1B), whereas the Ct values were
significantly reduced when using the RNRf/RNRr and LJ900f/LJ900r primer sets, under
both PMA and without PMA treatments (Figure 1B). In the water control, the Ct values
did not change significantly between 0 and 16 days after treatment irrespective of the PMA
treatment of DNA, except for LJ900f/LJ900r, which showed a significant decrease in the Ct
values after treatment (Figure 1B).
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Together, these results indicated that the Ct value changes observed in the Amp and
heat treatments were the result of the treatment applied and not the time point used for
assessment. Moreover, based on these results, HLBas/HLBr was the best primer set for
detecting live CLas by PMA-qPCR after heat or chemical treatments and was used for the
rest of the study.

3.2. Evaluation of PMA Effect on CLas after Heat Treatment

In this study, the variance analysis indicated that there were significant differences
in CLas titers between the samples pre-treated with PMA and the untreated samples
(p = 0.0015). The comparison of the different temperatures used indicated that there were
significant differences in the CLas titers between the temperature treatments (p = 0.0001).
In the PMA treatment, the CLas titers were significantly reduced after exposure to 60 ◦C
for 24 h as compared to the pre-treatment level (p = 0.0165) (Figure 2), while no significant
differences were detected after exposure for 24 h at room temperature (23 ± 0.2 ◦C), 50 ◦C,
and 55 ◦C treatments. Without PMA treatment, there were no significant differences in
the CLas titers at all the temperature treatments after 24 h exposure (Figure 2), including
treatment at 60 ◦C, which showed a small reduction in titers although it was not significant
(p = 0.1274).
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3.3. Evaluation of PMA Effect on CLas after Amp Treatment

Our results indicated that in the qPCR performed on DNA pre-treated with PMA,
the CLas titer at different concentrations (0, 1000 ppm, 2000 ppm, and 3000 ppm) were
significantly lower, compared to without PMA treatment (Figure 3, Table S3). For the
PMA-treated and untreated samples, both the Amp concentration (p = 0.0001) and time
point (p = 0.0001) had a significant effect on the CLas titers. In the PMA treatment, the
CLas titer was significantly reduced by Amp at 1000 ppm, 2000 ppm, and 3000 ppm from
4 days after initial treatment (Figure 3). In contrast, there were no significant differences
in the CLas titer between the different time points under water treatment. In the three
ampicillin concentrations used, the CLas titers were reduced starting at 4 days and reaching
a maximum reduction at 8 days after initial treatment. Therefore, 8 days after chemical
treatment was the optimal time point for assessing the CLas titers using PMA-qPCR.

Figure 2. CLas titer detected by PMA-qPCR in HLB-affected citrus cuttings under heat treatment at
various temperatures. Significant differences between different time points are indicated by * p ≤ 0.05.
Standard error of the mean is indicated by a vertical line.

3.3. Evaluation of PMA Effect on CLas after Amp Treatment

Our results indicated that in the qPCR performed on DNA pre-treated with PMA,
the CLas titer at different concentrations (0, 1000 ppm, 2000 ppm, and 3000 ppm) were
significantly lower, compared to without PMA treatment (Figure 3, Table S3). For the
PMA-treated and untreated samples, both the Amp concentration (p = 0.0001) and time
point (p = 0.0001) had a significant effect on the CLas titers. In the PMA treatment, the
CLas titer was significantly reduced by Amp at 1000 ppm, 2000 ppm, and 3000 ppm from
4 days after initial treatment (Figure 3). In contrast, there were no significant differences
in the CLas titer between the different time points under water treatment. In the three
ampicillin concentrations used, the CLas titers were reduced starting at 4 days and reaching
a maximum reduction at 8 days after initial treatment. Therefore, 8 days after chemical
treatment was the optimal time point for assessing the CLas titers using PMA-qPCR.
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3.4. Validation of Antibacterial Activity of Chemical Compounds against CLas via Optimized
PMA-qPCR Assay

In the HLB-affected citrus cuttings, the CLas titers were significantly reduced by Amp
and OTC, in both the PMA (Amp p = 0.0015, OTC p = 0.0261) and without PMA treatments
(Amp p = 0.0036, OTC p = 0.0211) (Figure 4 and Table S4). In contrast, there were no
significant differences in the CLas titers after Strep treatment, as well as after the water
control treatments (Figure 4).
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Figure 3. CLas titer detected by PMA-qPCR in HLB-affected citrus cuttings under Amp treatment at
different concentrations (0 (control), 1000 ppm, 2000 ppm, and 3000 ppm). Results of experimental
treatments denoted with the same upper-case letter were not significantly different according to
Duncan’s multiple range test at p ≤ 0.01. Standard error of the mean is indicated by a vertical line.

3.4. Validation of Antibacterial Activity of Chemical Compounds against CLas via Optimized
PMA-qPCR Assay

In the HLB-affected citrus cuttings, the CLas titers were significantly reduced by Amp
and OTC, in both the PMA (Amp p = 0.0015, OTC p = 0.0261) and without PMA treatments
(Amp p = 0.0036, OTC p = 0.0211) (Figure 4 and Table S4). In contrast, there were no
significant differences in the CLas titers after Strep treatment, as well as after the water
control treatments (Figure 4).
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different concentrations (0 (control), 1000 ppm, 2000 ppm, and 3000 ppm). Results of experimental
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3.4. Validation of Antibacterial Activity of Chemical Compounds against CLas via Optimized
PMA-qPCR Assay

In the HLB-affected citrus cuttings, the CLas titers were significantly reduced by Amp
and OTC, in both the PMA (Amp p = 0.0015, OTC p = 0.0261) and without PMA treatments
(Amp p = 0.0036, OTC p = 0.0211) (Figure 4 and Table S4). In contrast, there were no
significant differences in the CLas titers after Strep treatment, as well as after the water
control treatments (Figure 4).
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Figure 4. Assessing antibacterial activity of chemical compounds (Amp, OTC, Strep, and water
control) against CLas via PMA-qPCR in HLB-affected citrus cutting assays. Significant differences
between time points are indicated by * p ≤ 0.05 and ** p ≤ 0.01. Standard error of the mean is
indicated by a vertical line.
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The same antimicrobial compounds were applied to the HLB-affected citrus trees
by trunk injection in the field. The results indicated that, when assessed by PMA-qPCR,
the CLas titers in the HLB-affected citrus trees started to decrease 2 days post-application
in the OTC treatment, with a significant reduction by days 4 and 8 (Table S5). In Amp
treatment, the reduction was detected at 8 days after the initial treatment (Figure 5), while
there were no significant differences at all time points without PMA treatment. In addition,
treatment with Strep displayed no antimicrobial activity against CLas in both the PMA and
without PMA treatments, similarly to the water treatment (Figure 5). In addition, we did
not observe any phytotoxicity effects on the treated trees in the field.

Agronomy 2022, 12, 2783 8 of 13

The same antimicrobial compounds were applied to the HLB-affected citrus trees
by trunk injection in the field. The results indicated that, when assessed by PMA-qPCR,
the CLas titers in the HLB-affected citrus trees started to decrease 2 days post-application
in the OTC treatment, with a significant reduction by days 4 and 8 (Table S5). In Amp
treatment, the reduction was detected at 8 days after the initial treatment (Figure 5), while
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treatment with Strep displayed no antimicrobial activity against CLas in both the PMA and
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not observe any phytotoxicity effects on the treated trees in the field.
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4. Discussion

A common method for quantifying populations of a bacterium is the number of colony-
forming units (CFUs), which assesses the live bacteria present in a sample. For uncultured
bacteria, this method is not suitable, and they require indirect means to characterize their
populations, such as DNA transcription/translation activity, metabolic activity, and the
maintenance of intact cell membranes [47]. This work optimized a PMA-qPCR method
for the assessment of antimicrobial treatments against uncultured CLas bacterium in the
field. Due to CLas DNA persistence in tree phloem for up to five months after bacterial
cell death [28], excluding CLas DNA from dead bacteria is critical for the assessment of
viable treatments against the pathogen. In several studies, HLB-affected citrus samples
treated with heat or Amp were collected for qPCR detection 6 months or more after initial
treatment [16,19], i.e., when the CLas DNA from dead cells is assumed to be completely
degraded. However, waiting for so long to assess CLas cell death can lead to erroneous
conclusions. For instance, re-inoculation of CLas by citrus psyllids can hinder the real effect
of treatments in the field.

The assessment of cell membrane integrity has been conducted via several methods,
mostly involving preferential exclusion or the uptake of dyes or markers. PMA is reported
to be more likely to underestimate cell disruption, suggesting that the bacterial populations
obtained should be considered the maximum potential number of viable cells and that
quantification protocols should focus on maximizing the suppression of signals from dead
cells [43]. In this study, the antimicrobial activity of heat and Amp treatments was assessed

Figure 5. Assessing antibacterial activity of chemical compounds (Amp, OTC, Strep, and water
control) against CLas via PMA-qPCR in-field test. Results of experimental treatments denoted with
the same upper-case letter were not significantly different according to Duncan’s multiple range test
at p ≤ 0.05. Standard error of the mean is indicated by a vertical line.

4. Discussion

A common method for quantifying populations of a bacterium is the number of colony-
forming units (CFUs), which assesses the live bacteria present in a sample. For uncultured
bacteria, this method is not suitable, and they require indirect means to characterize their
populations, such as DNA transcription/translation activity, metabolic activity, and the
maintenance of intact cell membranes [47]. This work optimized a PMA-qPCR method
for the assessment of antimicrobial treatments against uncultured CLas bacterium in the
field. Due to CLas DNA persistence in tree phloem for up to five months after bacterial
cell death [28], excluding CLas DNA from dead bacteria is critical for the assessment of
viable treatments against the pathogen. In several studies, HLB-affected citrus samples
treated with heat or Amp were collected for qPCR detection 6 months or more after initial
treatment [16,19], i.e., when the CLas DNA from dead cells is assumed to be completely
degraded. However, waiting for so long to assess CLas cell death can lead to erroneous
conclusions. For instance, re-inoculation of CLas by citrus psyllids can hinder the real effect
of treatments in the field.

The assessment of cell membrane integrity has been conducted via several methods,
mostly involving preferential exclusion or the uptake of dyes or markers. PMA is reported
to be more likely to underestimate cell disruption, suggesting that the bacterial populations
obtained should be considered the maximum potential number of viable cells and that
quantification protocols should focus on maximizing the suppression of signals from dead
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cells [43]. In this study, the antimicrobial activity of heat and Amp treatments was assessed
at 24 h and 8 days after initial treatment, respectively. Under controlled conditions, heat
treatment is an effective strategy for reducing CLas titers in HLB-affected citrus. In general,
the effect of heat on bacterial cells alters the stability of the inner membrane, the nucleoid,
RNA, ribosomes, and diverse enzyme activity [48]. The major mechanism of beta-lactam
antibiotics, such as ampicillin, is to inhibit the growth of sensitive bacteria by inactivating
enzymes located in the bacterial cell membrane, known as penicillin-binding proteins,
which are involved in cell wall synthesis [49]. Therefore, heat and Amp treatment may
destroy the cell membrane integrity of CLas, and subsequently, PMA can strongly bind
DNA from dead CLas bacterial cells for rapidly detecting alive CLas by qPCR.

Previous studies indicated that LJ900f/LJ900r and RNRf/RNRr primer sets are more
sensitive for CLas detection compared to HLBas/HLBr primer sets [43,44]. Our study
also found that LJ900f/LJ900r and RNRf/RNRr primer sets could increase the detection
sensitivity as the Ct values in response to heat or Amp treatment decreased in these
primer sets. With PMA treatment, CLas quantification was only reduced when using
the HLBas/HLBr primers, but it increased using LJ900f/LJ900r and RNRf/RNRr after
heat and Amp treatments (Figure 1A,B). Our results differed from a study by Louzada
et al. (2022), which reported a Ct value increase when using LJ900f/LJ900r in response to
heat treatment [50]. However, their study only compared the Ct values from heat-treated
samples versus a control sample group (no-heat) but did not assess the Ct values in the same
samples before and after treatment. Thus, this previous study cannot confirm LJ900f/LJ900r
gene stability in CLas under heat stress. LJ900f/LJ900r was derived from multi-copy
prophages in the CLas genome [45] and the relative copy number of prophages in the CLas
genome can increase significantly in response to heat and chemical treatment [51]. The
induction of CLas prophages causes the lysis of CLas bacteria, reducing the CLas population
and mitigating HLB symptoms in citrus trees [51]. Therefore, the detection of genes from
CLas prophages would show an increase in Clas after heat or antimicrobial treatments
when using LJ900f/LJ900r for quantification. Similarly, RNRf/RNRr was designed based
on CLas nrdB, which has five copies in CLas [44]. The presence of RNR, including nrdB,
has been reported in a wide range of phages [52,53]. In this study, under the heat and
Amp treatments, the live CLas titers showed an increase using RNRf/RNRr as well as
LJ900f/LJ900r. Whether some copies of nrdB were located in the prophage still needs to
be verified. Therefore, LJ900f/LJ900r and RNRf/RNRr were not reliable or accurate for
detecting live CLas in response to stressors including heat and antibiotics. The sequences
of the 16S rDNA were highly conserved and had three copies in the bacteria, and the
HLBas/HLBr primer set was demonstrated to be specific to CLas [43]. A reduction in
the live CLas titer was detected using the HLBas/HLBr primers in the heat and Amp
treatments but not in the control samples. Moreover, the primers Las606/LSS, which target
the 16s rDNA gene, were shown to be effective in distinguishing live from dead CLas
cells when used in PMA-treated DNA samples in SYBR Green qPCR quantification [50].
Therefore, 16S rDNA is stable in response to stress, and this is the best primer set for
assessing antimicrobial activity against CLas via PMA-qPCR detection.

Furthermore, this method is useful for assessing the antibacterial activity of different
chemical compounds against CLas. In this study, we validated the use of PMA-qPCR
for the assessment of the antibacterial activity of three chemical compounds (Amp, OTC,
Strep) in citrus cuttings and in the field. The results obtained by PMA-qPCR in the field
indicated that the Amp and OTC treatments displayed high antibacterial activity against
CLas, while there were no significant changes in the CLas titers detected by qPCR under
these treatments. In addition, the CLas titers could not be reduced by Strep, as compared
to the control treatments, at 8 days after initial treatment (Figure 4). Our results were in
agreement with a grafted-based assay method [21] that was also applied for assessing the
antibacterial activity of chemical compounds (including Amp, OTC, and Strep) against
CLas, although the latter method needs 2 to 6 months for the evaluation.
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In the field, trunk injection is considered to be the most effective method to deliver
chemical compounds into citrus [54,55]. Several field studies indicate that CLas titers in
HLB-affected citrus are significantly reduced by the β-lactam antibiotic penicillin when
injected to the trunk at 30 days after treatment [56,57]. OTC application by trunk injection in
the field has also shown a reduction in CLas titers from 14 to 60 days post-application [58].
Other studies have shown that Strep can reduce CLas titers in 3-year-old citrus by trunk
injection when applied in the spring and that the in-planta minimum effective concentration
of Strep required to reduce the CLas titer to an undetectable level (Ct ≥ 36.0) was 1.92 µg/g
fresh weight [59]. However, Strep did not reduce the CLas titers in this study and in a study
by Zhang et al. [21]. The lack of an effect may be related to the final concentration achieved
in the treated trees and to the developmental stage of the trees, as in our study the treatment
was applied on mature bearing 8-year-old trees during the fall season. The difference in
tree age and application time may affect the Strep distribution and concentration in the
tree. In our PMA-qPCR detection assay, we were able to show a CLas titer reduction 4 and
8 days post antimicrobial treatments in the field, showing the potential for reducing the
wait time for antimicrobial evaluation and validation after field treatments.

In this study, the PMA-qPCR method was validated for assessing the antimicrobial
activity of field treatments against CLas, and HLBas/HLBr was best primer set for this
method. Although this method could just detect a reduction in live CLas titers in a short
period, the yield and quality of citrus trees in field still need a long-term evaluation. This
method can be beneficial for accelerating the validation of effective treatments against
HLB in the field for citrus growers. Novel antimicrobial compounds against CLas will be
assessed by this rapid PMA-qPCR method in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12112783/s1, Table S1. Analysis of variance of Ct
values of HLB-affected citrus cuttings under heat treatment, PMA, at different time points and primer
sets. Table S2. Analysis of variance of Ct values of HLB-affected citrus cuttings under chemical
treatment, PMA, at different time points and primer sets. Table S3. Analysis of variance of Ct
values of HLB-affected citrus cuttings using primers HLBas/HLBr, under PMA, at different chemical
concentrations and different time points. Table S4. Analysis of variance of Ct values of HLB-affected
citrus cuttings using primers HLBas/HLBr, under PMA, with different chemical compounds, at
different time points. Table S5. Analysis of variance of Ct values of HLB-affected citrus trees in
the field under PMA, with different chemical compounds, at different time points (using primers
HLBas/HLBr).
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