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Executive Summary
The final meta-analysis of all EDT experiments directly compared the following methods of CLas
detection: qPCR, ELISA, metabolomics, and phytobiomics. Of these, qPCR, which is a direct testing
method, performed the best. In the case of qPCR, all results presented here are based on the use of 16S
primers unless explicitly specified otherwise. The large-scale use and economic parameters of qPCR are
well-established by the California Citrus Pest and Disease Prevention Program under California-specific
conditions and are therefore not explored in this report. The other 3 methods, which are indirect tests,
did not deliver a level of diagnostic performance that would be satisfactory for grower use, nor did they
improve systematically over time, based on the data available to us. On that basis, we are not able to
recommend their further development by CRB at this time.
Two additional CLas detection methods, CANARY and canine detection, were also evaluated.
However, they could not be analyzed in the same way in the meta-analysis, as not enough data were
available. CANARY, for example, has not been used in more than 2 studies which contained positive
samples. To evaluate the performance of the CANARY test, an approximation was used instead, in which
it performed similarly to qPCR. However, PathSensors, the company behind the development of this
technology, does not feel their test is currently robust enough for deployment. Further development is
needed before it can be made available to the market. Although an initial request for funding from CRB
was rejected, they intend to pursue other funding sources in hopes of continuing product development.
Canine detection performed at comparable levels to the highest-performing EDTs, using
standard methods for evaluating diagnostic accuracy. At this time, canine detection is available for
commercial deployment on a limited scale; cost information is described under the section entitled
“Cost and throughput for each EDT”. To minimize expected losses from Huanglongbing, it is
recommended that growers utilize the detector canines for rapid screening of presumptive exposure,
but only if they are practicing aggressive psyllid control. Any potential benefit gained from removal of
disease inoculum in CLas-exposed trees that are detected by canines will be reduced in situations where
there are large, uncontrolled, ACP populations. Recommended action following a suspect positive
sample is a complicated matter and is discussed in more depth herein (see sections entitled “An
introduction to expected regret” and “Diagnostic accuracy and tree removal”).
It is possible that other potential EDTs have emerged since the inception of these experiments.
If there is continued interest within the CRB in identifying alternative EDTs, it is recommended that
these technologies1 be explored.
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For example: https://www.ontera.bio, http://www.croptix.solutions
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Brief description of each EDT
qPCR (McCollum)
In a diagnostic context, PCR is a technique used to make large numbers of copies of a very small
target sequence of DNA so that its presence in samples can be confirmed. PCR is similar to replicating
documents on a copier, but because each copy makes copies of itself, running the PCR for 36 cycles
results in about 7 billion copies of one original snippet of DNA. A version of PCR, known as quantitative
PCR (qPCR), is the standard regulatory method for diagnosing CLas. In qPCR, each copy of the DNA
sequence generated gives off a fluorescent signal, and that signal is measured at the end of each PCR
cycle. The results of qPCR are expressed as the number of PCR cycles required to produce a fluorescent
signal of a specific intensity, which is an indication of the starting number of copies of the DNA
sequence.
CANARY (PathSensors)
Paraphrased from their website, “PathSensors has genetically engineered an immune cell, called
a Biosensor, which can identify and bind to a specific target pathogen, and light up when the target
pathogen is found. By measuring light output from the cell, one can tell if the pathogen is present in the
sample.” This technology uses Cellular Analysis and Notification of Antigen Risks and Yields, or CANARY.
Metabolomics (Slupsky)
Metabolism is all the processes an organism carries out to stay alive. Metabolites are one type
of molecule involved in an organism’s metabolism; these are chemicals with a small molecular weight.
These molecules change in relative abundance when the metabolism of a living organism is altered, for
example when it responds to an infection by a pathogen and works to protect itself. This means the
‘metabolite profile’ of an organism can vary with its disease status. Dr. Carolyn Slupsky is developing
methods to measure metabolite profiles of citrus trees, to identify shifts in the profile which may
indicate early CLas infection.
Phytobiomics (Leveau)
Research in the laboratory of Dr. Johan Leveau investigated the changes in microbial
communities living on the surface of citrus tree leaves during CLas infection. Leveau’s team collects
microbes from foliage by swabbing leaves, uses DNA-based methods to profile the bacteria and fungi
that are present on the swab sample, and compares the profiles of CLas-infected and uninfected trees.
ELISA (Ma)
This method attempts to identify infection via molecules released by CLas into the phloem early
in the infection process. These molecules, which are smaller than the bacterium, would spread
3

throughout the tree with the phloem flow, where they could be detected using an immunological
method. Dr. Wenbo Ma and her collaborators have exploited this approach using released bacterial
molecules (called ‘effectors’) and a detection method called enzyme-linked immunosorbent assay
(ELISA).
Canines
Organisms release gases called volatile organic compounds (VOCs), the composition of which
changes depending on the type of organism. Canines can likely smell VOCs because their scent detection
capability has an extremely low threshold (1 part per trillion), and canines can be trained to alert on the
presence of specific pathogens and diseases based on unique VOC scent signatures. This is likely why
canines seem to be able to detect trees infected with CLas, although the exact components of the signal
are currently unknown.
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Cost and throughput for each EDT

Method

Experiment
CA-1b QZ

CA-1b NQZ
Phytobiomics
CA-1
(Leveau)
FL-1

Estimated cost/sample
$11
$11
NA
$51.94

Estimated monthly
throughput
100

Actual monthly
throughput
20

80
200
Not estimated

80
121
120

average
$24.65
127
85
CA-1b QZ
$5
100
89
CA-1b NQZ
$5
80
80
qPCR (McCollum) CA-1
NA
200
143
FL-1
$23.61
Not estimated
Unreceived
average
$11
127
104
CA-1b QZ
$10
100
89
CA-1b NQZ
$10
80
80
CANARY
CA-1
$10
200
480
(PathSensors)2
FL-1
---------------------- Did not participate ---------------------average
$10
127
216
CA-1b QZ
$10
100
80
CA-1b NQZ
$10
80
80
Metabolomics
CA-1
NA
200
84
(Slupsky)
FL-1
$47.22
Not estimated
112
average
$22.41
127
89
CA-1b QZ
$10
Not estimated
89
CA-1b NQZ
$10
Not estimated
80
ELISA (Ma) CA-1
$10
Not estimated
144
FL-1
---------------------- Did not participate ---------------------average
$10
Not estimated
101
Canines have been used to scout California groves commercially twice thus far. On
Canines
average, the cost has been about $3.90/tree. Based on these trips, a team of 4 dogs and
2 – 3 handlers could potentially scout 18,050 trees per month. 3

2

The costs provided by PathSensors cover the cost of test reagents and are unlikely to change with any
future refinements to the test.
3
Calculated from reports published by the Ventura County ACP-HLB Task Force, however, their pace is
considered unsustainable for longer than a week, so final number would be lower if more dogs were not available.
Provided as a general guideline only, to fulfill a request from the CRB. Cost and scouting speed may change
considerably depending on agreements with the canine company, disease prevalence, or other factors.
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Consideration of initial development costs
By the time any EDT is implemented on a commercial scale, its total cost will comprise 2
components: (1) the initial cost of development, and (2) the cost of use, which includes the per-sample
cost and the cost of errors. The initial cost of development will be fixed but will vary between the EDTs.
It is arguable that the on-going cost of use will quickly overcome the initial development cost, which will
become a shrinking fraction of the total as use of the EDT increases. The initial cost of development can
therefore probably be ignored while weighing the financial component of selecting among the EDTs.

Evaluating diagnostic accuracy
Sensitivity and Specificity
In what follows it will be useful to refer to the sensitivity and specificity of a diagnostic test.
The sensitivity (Se) is the proportion of actually infected trees that an EDT correctly identifies; it is also
known as the True Positive Proportion (TPP). The specificity (Sp) of a test is the proportion of actually
healthy trees correctly identified as such; it is also known as the True Negative Proportion (TNP).
Calculation of a simple weighted average to evaluate an overall Se and Sp for each EDT
produced some counter-intuitive results which require some explanation, because the standard used to
designate a sample as HLB-positive was inconsistent between experiments, and EDTs exhibited variable
performance across experiments with significantly different sample sizes. These results are listed in
Table 1 using 16S PCR results. Table 2 indicates how these values could have changed if trials all used
RNR for PCR testing instead of 16S. In CA-1b part 2, both primers were used, allowing us to estimate
how the performance of each technology would have improved or declined using one primer or the
other. Values for canine performance are listed in Table 3, since trials were conducted separately from
those trials which produced the data in Tables 1 and 2. These values are weighted averages based on
sample size. Details of canine experiments can be found in Gottwald et al., 20204.

4

Gottwald, T., Poole, G., McCollum, T., Hall, D., Hartung, J., Bai, J., Luo, W., Posny, D., Duan, Y., Taylor, E.,
da Graça, J., Polek, M., Louws, F., Schneider, W. Canine olfactory detection of a vectored phytobacterial pathogen,
Liberibacter asiaticus, and integration with disease control. Proceedings of the National Academy of Sciences Feb
2020, 117 (7) 3492-3501; DOI: 10.1073/pnas.1914296117
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Table 1. Sensitivity and specificity values for each EDT calculated from the meta-analysis of 8
experiments: CA-1, CA-1b NQZ, CA-1b QZ (parts 1 & 2), TX-2, and FL-1 (3 parts). For good performance,
both values should be as close as possible to 1.
EDT

Sensitivity

Specificity

CANARY (PathSensors)

0.496

0.995

ELISA (Ma)

0.263

0.839

Metabolomics (Slupsky)

0.731

0.908

Phytobiomics (Leveau)

0.952

0.951

qPCR (McCollum)

0.825

0.944

Table 2. Estimated sensitivity and specificity values for each EDT based on their performance using RNR
primers, calculated from the meta-analysis of 8 experiments: CA-1, CA-1b NQZ, CA-1b QZ (parts 1 & 2),
TX-2, and FL-1 (3 parts), per a request from CRB. For good performance, both values should be as close as
possible to 1.
EDT (estimated, RNR)

Sensitivity

Specificity

CANARY (PathSensors)

0.606

0.996

ELISA (Ma)

0.277

0.842

Metabolomics (Slupsky)

0.774

0.904

Phytobiomics (Leveau)

0.952

0.951

qPCR (McCollum)

0.982

0.944

Table 3. Sensitivity and specificity values for canine alerts based on 3 experiments: 1 in a commercial
setting in Texas, 1 in residential areas of CA, and one in a field trial of potted trees in Florida. Results
from each experiment were weighted by the sample size of the experiment.
EDT
Canines

Sensitivity

Specificity

0.817

0.989

In the case of EDTs evaluated in the meta-analysis, the final calculated Se for CANARY appears to
be considerably lower than all other EDTs except for ELISA. This is likely largely because of participation
in few experiments which contained HLB-positive samples. This increased the weighting of CANARY’s
worst performance, in CA-1b QZ, and penalized final sensitivity values when inconclusive results were
designated as “negative”. It should be noted that the highest Se value in CA-1b QZ was only 0.83 (for
7

qPCR); all other experiments had at least one EDT with a higher Se. In contrast, the Se for metabolomics
appears surprisingly high in Table 1. Over all the experiments, this technology typically performed either
very well (e.g. Se = 0.8 - 1) or very poorly (e.g. Se = 0.3 - 0.4). An average does not capture that diversity
of performance. The Se for phytobiomics also appears surprisingly high; this is due to several factors.
Phytobiomics did not process CA-1b part 2, which was the experiment in which most EDTs had their
worst performance; this inflates the performance of phytobiomics relative to other EDTs. Additionally,
phytobiomics performed above-average in the TX-2 experiment. This experiment had a very large
number of samples, and therefore had more of an effect on the final value. Similarly, phytobiomics
performed extremely poorly in FL-1 (shown in Appendix B, Figure B3), but because this trial had so few
samples compared with other experiments, results from FL-1 are weighted less than trials where it did
well (such as TX-2). Lastly, final values for qPCR appear to be somewhat lower than expected. This is
likely an artificial depression, as the determination of healthy or diseased status for CA-1 samples by this
lab and by ELISA were made based on test results, whereas other labs presumed all CA-1 samples were
healthy. Positive test results from qPCR and ELISA were therefore considered false positives.
ROC Curves
Complementing Se (TPP) and Sp (TNP) are 2 types of test outcomes associated with errors and
error costs. The False Negative Proportion (FNP) is the fraction of actually diseased trees missed in
screening and wrongly diagnosed as healthy. The False Positive Proportion (FPP) is the fraction of
actually healthy trees wrongly diagnosed as diseased; it is equivalent to 1 - Sp (Appendix C). The FPP can
be used in another method of evaluating overall diagnostic performance via a receiver operating
characteristic, or ROC, curve. This plots the Se against FPP. A perfect test, with no false positives and no
false negatives, would be shaped like an upside-down “L”, with its vertex in the upper left-hand corner
of the graph (Figure 1). A test with no predictive power, essentially no better than a coin flip, would look
like a straight line from the bottom left corner to the top right corner.

Figure 1. Interpreting a ROC curve.
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ROC curves from a meta-analysis of each EDT’s performance (in experiments with positive
samples) were presented to the committee in a prior overview of results. The compilation of these
curves can be viewed in Appendix B: Committee requests for additional analyses; it excluded CANARY
results, due to the difficulty in building a ROC curve using few studies with true positives. Following that
previous presentation, we were asked to recreate the figure without data from TX-2, and to include
CANARY (Figure 2). The rankings of the EDTs did not change meaningfully with the exclusion of TX-2. The
best performing EDTs were still qPCR and CANARY, followed by phytobiomics at low false positive rates
and then by metabolomics at high false positive rates. The ELISA test remained the lowest-performing
EDT. We were also asked to present a similar figure but using data only from the FL-1 experiments. This
figure can also be viewed in Appendix B: Committee requests for additional analyses.

Figure 2. Updated meta-analysis excluding data from TX-2, and including CANARY. The test with the topmost line at the upper left-hand part of the graph (CANARY) has the best overall performance
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To help put the diagnostic performance of the EDTs in a broader context, the best EDTs
observed here have comparable or superior performance compared with tests used routinely in clinical
situations in which human life or death may depend on the diagnostic. For example, programs in
Vermont and Norway which conduct breast cancer screening utilize tests with sensitivity values in the
range of Se = 0.74 - 0.83 and 0.90 - 0.91, respectively. Corresponding specificities are Sp = 0.91 0.98 and 0.99 - 0.995 respectively. The performance of the best EDTs observed had sensitivity values
of Se > 0.80, and specificity of Sp > 0.90.
Expected regret
The anticipated unavoidable cost of making diagnostic mistakes (i.e. false positives and false
negatives) is called expected regret. It is a function of the costs of an inaccurate EDT result and the
probability of HLB or non-HLB status, and there is a systematic way to see how much EDTs will
comparatively reduce expected regret based on the tests’ error rates (Appendix C: Expanded
calculations and methodology regret calculations). The higher the Se and Sp for a diagnostic (and so the
lower the FPP and FNP) the lower the error rates, and so the lower the expected regret from using the
test.
Expected regret was calculated based on the removal of a suspect positive. The results of these
calculations show that the expected regret of removing a suspect positive based on qPCR is generally
less compared with the other EDTs analyzed (Figure 3). Analysis excluded data from TX-2 to be
consistent with data presented in Figure 2, but a similar calculation which includes TX-2 can be viewed
in Appendix B: Committee requests for additional analyses. The performance of all EDTs, except qPCR
and ELISA, are boosted here by inclusion of CA-1 in the analysis, which contained no HLB-positive
samples. Labs running qPCR and ELISA did not assume these samples were HLB-negative, and so their
performance is degraded by the inclusion of this experiment. Where expected regret increases with
increasing probability of HLB, it suggests that costs of surveillance, intervention, and replacement could
eventually outweigh the benefit of reduced disease incidence. In the case of HLB in CA, disease
prevalence is expected to be < 10%, so expected regret should be considered at or below that
probability.
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Figure 3. Calculated expected regret, E(C), for each EDT with increasing prevalence of HLB. Estimations
represent California citrus, weighted by the relative proportions of each commodity.
Underlying data on costs and acreage, as well as the structure of the expected regret analysis,
were based on work done in 2018 by Dr. Jennifer Reed during her PhD research at UC Davis (Appendix
C). Considering assumptions made in the underlying data, as well as the highly technical nature of such
calculations, the analysis is provided for guidance purposes only. A definitive analysis would require a
dedicated team, such as a working group or reformation of the EDT task force, to look at actual
production data for each situation in which such an analysis would be used prescriptively. An endeavor
of this nature could also be applied to canine alerts, and include an analysis of skill values, which was not
included here since few EDTs appeared to have promising results (a skill value is a measure of the
proportional difference in expected regret values as a fraction of a baseline decision rule which is used
as a common reference value, e.g. basing decisions based on PCR results, or using no test at all).
However, it should be considered whether such an expenditure would ultimately be useful. While it is
technically possible, it may be unlikely to affect grower behavior. Typically, information or guidelines
produced from such analyses require several years of dissemination before effectively becoming widely
adopted.

Early detection and tree removal
As with other diseases, 2 important time periods in HLB development can be defined.
The Latent Period is the duration between exposure to CLas and the time when an infected tree can act
as a source of new infections. The Incubation Period is the duration between exposure and the
appearance of disease symptoms. For HLB, the latent period is much shorter than the incubation period,
11

so trees become infectious long before they are symptomatic. The visible epidemic therefore lags
behind the actual epidemic, making it extremely difficult to limit the spread of disease except by
removing a number of trees so large as to be prohibitively expensive following each confirmed case. The
purpose of EDTs is to reduce the difference between the latent period and the incubation period by
discovering infectious trees earlier, thereby reducing the time they remain in the ground contributing to
disease spread.
In terms of diagnostic performance, a perfect EDT would correctly identify all positive and all
negative samples (TPP = TNP = 1), or equivalently would not incorrectly identify the disease status of any
samples (FNP = FPP = 0). Ideally, it would achieve this level of accuracy within the latent period of the
disease, before trees become a source of CLas inoculum, or at least (more realistically) within the
incubation period, before it becomes symptomatic.
The existing diagnostic for CLas, qPCR, is highly accurate (having both high sensitivity and high
specificity) but is susceptible to sampling error. Since the test was developed principally as a tool for
confirming suspected presence of CLas in a regulatory context, it emphasizes diagnostic accuracy. While
this is absolutely appropriate for the purposes of a confirmatory diagnosis, the primary need to prevent
a serious HLB epidemic in California is not for a confirmatory diagnostic, but for an effective disease
screening tool. Particularly where an initial test may be followed up by a more detailed investigation of
disease status, a screening tool should, other things being equal, place more emphasis on coverage and
less on specificity than should a confirmatory diagnostic. This is particularly true in the case of a disease
such as HLB, where several factors weigh in favor of an emphasis on speed and sensitivity at the expense
of specificity:
●

Because the latent period is shorter than the incubation period, HLB spreads before it can be
detected. A method that detects pre-symptomatic infections as soon as possible is needed to
limit disease spread;

●

The economic damage arising from each undetected infectious tree is many times greater than
the monetary value of a healthy tree which is mistakenly removed after being wrongly
categorized as infected;

●

The body of evidence concerning invasive diseases shows that containment typically depends on
aggressive early action to prevent the effects of exponential population growth, which would
make containment difficult or impossible;

●

Although the up-front costs of aggressive early control seem prohibitive, they are almost
certainly lower than the costs of attempting to control the disease later, and/or the costs of
being unable to control the disease effectively. The state of the Florida industry is a testament
to this last point.
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The impact of early detection on the extent of an epidemic
To illustrate potential HLB spread, imagine the following hypothetical situation. Trees can only
become infected in a flush period, and there are 2 flush periods per year, lasting 3 months each. During
flush, each infected tree gives rise to 1 additional infected tree each month until the flush period ends.
Trees neither recover from infection nor die.
In this scenario, when a single infected tree enters the first flush period, it will directly give rise
to 3 more infected trees by the end of the flush (1 in each of the 3 months). However (assuming a very
brief latent period), the tree which becomes infected in the first month of the flush period will infect 2
more trees before flush ends, and so on. At the end of flush under this scenario, there will be 7 newly
infected trees (Figure 4). Each of these trees enters the second flush and the process repeats, so that by
the end of the year a single infected tree has given rise to 49 (72) newly infected trees. This figure is
the per capita annual growth rate of the HLB epidemic in this hypothetical example.

Figure 4. How infection events cascade over time with a disease like HLB. Each infected tree gives rise to
1 more infected tree per month during the flush period (Month 1 – 3).
Note that in a real HLB epidemic, there is a high probability that all the new infections arising in
this cascade process would still be asymptomatic at the end of the first year. The purpose of screening
with an EDT is to detect as many of these infected trees as possible and remove them to cut off the
cascade of infections. The following examples represent how this could work in contexts that broadly
represent 2 important citrus types, orange and lemon, using a similar process to that seen in Fig. 4.
These are not intended to closely replicate actual conditions of use, but rather to illustrate some of the
main issues.
Both examples assume a 40-acre block with a planting density of 110 trees per acre (= 4,400
trees in total). For each sampling time, 25% of the grove is screened using an EDT with Sensitivity = 0.95,
and infected trees which are detected in the screening are removed.
13

These examples assume 2 flushes per year for oranges, with each flush lasting 3 months. Each
infection present at the start of flush will generate 3 new infections by the end of flush. With 2 flushes
per year, this is equivalent to an effective annual growth rate of 9 infections per 1 starting infection.
For lemons, 6 flushes per year are assumed, and each flush lasts 1 month (as under desert
conditions). Each infection causes 1.45 (=cubic root of 3) infections per flush. With 6 flushes per year,
this is equivalent to an effective annual growth rate of 9.3 infections per 1 starting infection.
In each crop type we simulated 3 different strategies:
(1) No EDT use: infection proceeds according to the growth rate until all trees are infected.
(2) EDT sampling after a subset of flushes: in oranges sampling happens every other flush; in
lemons sampling happens twice per year, equivalent to every third flush.
(3) EDT use at every flush.
Sampling and tree removal are stopped once half of the trees in the block are infected. This is an
arbitrary stopping rule imposed on the simulation for illustration purposes. In practice, individual
decision-makers would make individual decisions about when sampling and tree removal were no
longer useful.
Three types of graphical display are used to illustrate the results of the simulations. The first is
the number of healthy trees remaining at each flush for all 3 strategies, plotted together for comparison.
The second display shows the number of removed trees at each flush for the 2 different EDT strategies.
The last display type shows the ratio of infected trees in the strategies involving EDT use, with the
strategy involving no intervention. In this case, the value will be less than 1 when the number of infected
trees is less in the EDT strategies than in the no-intervention strategy.
Note that the simulation has no explicit inclusion of ACP dynamics. The presence of ACP is
implicit in the fact that disease is spreading, but it is bound up in the growth rate. The simulations also
offer no insight as to the actual economics of EDT use since no information is included about the yield
and quality of healthy versus infected trees or the impacts of HLB on these production parameters over
time.

14

Healthy trees
Lemons

Oranges

Figure 5. Decline in the number of healthy trees in a simulated 40-acre lemon (top) or orange (bottom)
block under 2 frequencies of EDT screening and tree removal (green), compared with doing nothing
(black), over 10 years. The horizontal scale shows the cumulative number of flushes. Sampling and tree
removal stop when 50% of the block has been infected. A full description of the simulation is given in the
text.
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Removed Trees
Lemons

Oranges

Figure 6. Numbers of trees removed from a simulated 40-acre lemon (top) or orange (bottom) block
using 2 different frequencies of EDT screening for HLB management over 10 years. The horizontal scale
shows the cumulative number of flushes. Sampling and tree removal are assumed to stop when 50% of
the block has been infected. A full description of the simulation is given in the text.
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Infection Ratio
Lemons

Oranges

Figure 9. The ratio of infected trees in a simulated 40-acre lemon (top) or orange (bottom) block when
using 2 different frequencies for EDT screening and tree removal for HLB management compared with no
disease detection strategy over 10 years. Where the ratio is less than 1 there are fewer infected trees in
the EDT-managed block than in the block with no disease detection. The horizontal scale shows the
cumulative number of flushes. Sampling and tree removal are assumed to stop when 50% of the block
has been infected. A full description of the simulation is given in the text.
Under the conditions assumed in the simulations, use of EDTs delayed complete colonization of
the block by HLB, but did not prevent it completely. Per flush, the probability of detecting an infected
trees was Pr(Detection) = 0.25×0.95 = 0.2375, so in any given sampling bout there was an approximately
3:1 - 4:1 chance that infected trees would be missed. Sampling at this level of intensity and with an EDT
with the stated Sensitivity delayed the time to reach 100% infection by between 2 and 4 years (based on
17

the number of flushes per year). Depending on the wider circumstances of production and the type of
EDT used, infected trees might be asymptomatic and have no apparent yield or quality issues. The
simulation does not attempt to take account of these issues.
The cost of this effort for commercial scale screening would be the cost per tree multiplied by
the number of trees screened plus the cost of false positives, arising from the fact that about 1% of
healthy trees tested would be diagnosed as diseased. If decisions were based on the EDT alone, these
trees would be removed from production. However, if the EDT was used only as the initial step in
diagnosis, other confirmatory tests could potentially reduce the scale of this loss, although no such
appropriate confirmatory test yet exists. Two issues are worth stressing here.
1. Because Se is close to its theoretical maximum value of 1, the probability of detecting infected
trees is mostly determined by the fraction of the population at risk that is screened. This point
is directly related to the need for the EDT to be high throughput, because the capacity to screen
a large fraction of the population is dependent on the throughput of any diagnostic procedure.
2. No diagnostic test is perfect and the false positive rate of 1% (1 - Sp), used as an illustration
here, is an exceptionally low false positive error rate to achieve in practice.

Conclusions
Of the technologies directly compared (qPCR, ELISA, metabolomics, and phytobiomics), none of
the compared EDTs performed better overall, than qPCR. Of the remaining technologies evaluated,
CANARY and canine detection, both have potential for in-field use as EDTs. If the CRB has continued
interest in developing EDTs, possible options include further investment in developing a more robust
CANARY test or exploring other EDTs that may have come on the market since the conclusion of these
experiments. Any future research pursued should prioritize technologies that emphasize high
throughput over specificity and achieve such coverage within the latent period of the disease, although
a confirmatory diagnostic tool less affected by sampling error than PCR would also be useful. If growers
want to implement an EDT in field now, rather than waiting for more development, the use of detector
canines are recommended, but only in groves practicing aggressive ACP control and where presumptive
positives will be removed.
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Appendix A: Brief description of experiment logistics
CA-1
CA-1 took place from 2016- 2017, and used 1,001 presumptively healthy samples, collected
from across the state. Disease status was determined by qPCR (16S). Participating labs were Leveau, Ma,
McCollum, PathSensors, Slupsky, and Applied Nanotechnology. The latter lab was not included in the
analysis as data was unsatisfactory.
CA-1b NQZ
This experiment took place in 2017, and tested 80 samples collected from the Central Valley of
CA where 2 diseases were present: citrus stubborn disease and citrus tristeza virus. Disease status was
determined by qPCR (16S). Participating labs were Leveau, Ma, McCollum, and Slupsky.
CA-1b QZ: Part 1
This experiment took place in 2016 and tested 89 samples collected from the HLB quarantine
zone in Los Angeles only. It included both healthy and diseased samples, determined by qPCR (16S).
Participating labs were Leveau, Ma, McCollum, PathSensors, and Slupsky.
CA-1b QZ: Part 2
This experiment ran from 2018 - 2019 and tested 200 samples from the HLB quarantine zone as
it existed in CA at the time of sample collection. Like Part 1, it included both healthy and diseased
samples. Disease status was determined by qPCR (16S; although RNR results were available for this trial,
16S was chosen for the meta-analysis to stay as consistent as possible between the difference trials)).
Participating labs were McCollum, Slupsky, Ma, and PathSensors.
FL-1
This experiment took place in 2018, and tested 120 samples from 90 greenhouse-grown healthy
and diseased samples from FL. It was replicated 3 times. This experiment used visual rating of symptoms
to determine disease status (although samples were still tested with qPCR). Participating labs were
Leveau, McCollum, and Slupsky.
TX-2
This experiment took place from 2014 - 2016 and tested 440 samples from 110 trees; it included
both healthy and diseased samples collected from an HLB-infected zone in Texas. Disease status was
determined by qPCR (16S). Participating labs were Leveau, Ma, McCollum, and Slupsky.
Canines
Canines were not tested in the above-mentioned experiments. Data in this report regarding
canine results are from 3 trials: 1 conducted in a commercial setting in Texas (3,785 trees), 1 in
residential areas of CA (74 trees), and one in a field trial of potted trees in Florida (9,500 interrogations
of 100 trees). The disease status in each of these trials was determined by qPCR (16S). Results from each
experiment were weighted by the sample size of the experiment so that the trial with the largest
number of samples has the most influence on reported statistics. Over all 3 trials, 13,359 samples were
tested.
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Appendix B: Committee requests for additional analyses
The following figure, which shows ROC curves for 4 EDTs (Figure B1), was previously presented
to the committee in an overview of results. This figure excluded CANARY results, because CANARY was
used in few studies with true positives, thereby creating some difficulty in building a ROC curve.
Following that presentation, we were asked to recreate the figure without data from TX-2, and to
include CANARY. That figure is presented in the text; the former figure is included here for reference.

Figure B1. Former meta-analysis, including data from the TX-2 experiment and excluding performance
data from CANARY.

Figure B2. Expected regret including TX-2 data, for comparative purposes.
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Following our previous overview of results, we were also requested to recreate Figure B1 but
using data from FL-1 only. Because FL-1 was a repeated-measures experiment of the same plants, a
meta-analysis is not the ideal analysis to understand the results. Nevertheless, some trends do remain
the same between the previous analyses and this meta-analysis (Figure B3). For instance, it is very
visible in the meta-analysis that phytobiomics has a high false positive rate, and that qPCR is the best
performing test. However, this meta-analysis does not reveal that the Leveau lab was earliest at
detection of positives 29% of the time despite its high false positive rate, nor does this test show the
high false negative rate of the Slupsky metabolomics EDT. This analysis should be considered in the
context of the other analyses presented. The major conclusion that qPCR is both the most accurate and
most frequently early EDT, compared with phytobiomics and metabolomics, remains the same.

Figure B3: Updated meta-analysis of only FL-1 experiments.
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Appendix C: Expanded calculations and methodology
Diagnostic accuracy calculations
The False Negative Proportion (FNP) can also be described as follows:
TPP + FNP = 1 (100% of all diseased trees) or (equivalently),
FNP = 1 − TPP, or
FNP = 1 - Se

The False Positive Proportion (FPP) can also be described as follows:
TNP + FPP = 1 (100% of all healthy trees), or (equivalently),
FPP = 1 - TNP, or
FPP = 1 - Sp
Expected regret calculations
For the purposes of illustration, we assume that correct decisions have no costs, or that their
costs are the same for all EDTs, so we can drop them from the calculation. We will use p to stand for the
fraction of HLB positive trees in the population. Suppose the cost of wrongly removing a healthy tree is
CFP. The probability of making this mistake if we just choose trees at random is (1 - p), so the expected
cost would be (1 - p) × CFP. By similar logic, if we write CFN for the cost of wrongly leaving a diseased tree
in the ground, the expected cost of making that kind of error is p × CFN. The combined expected cost,
which is the expected regret from inaccurate diagnostic decisions, is the sum of these 2 costs:
E(Cn) = (1 - p) × CFP + p × CFN
This expected regret can be referred to as a naive value (hence the n subscript) because it would
occur in a situation where we simply designated trees to be removed or not, purely at random. Another
way to look at the purpose of EDTs is to do better than this hypothetical naive approach.
Consider the fraction of trees that we naively designate as positives. If we use an EDT to help
with that decision, then the fraction of those trees that will end up being removed is the false positive
proportion, FPP (= 1 - Sp). Similarly, if we think about the fraction of diseased trees we would naively
leave in the ground, using an EDT to help with that decision will result in only the false negative
proportion, FNP (= 1 - Se), being left. Summing these two types of mistakes (as before), the expected
regret from using the EDT will be:
E(Cedt) = FPP × (1 - p) × CFP+ FNP × p × CFN.
Expected regret methodology
The cost of a false positive in this report comprised the cost of maintenance per acre and the
cost of citrus which would have been produced had the tree not been removed. The cost of a false
negative comprised the cost of maintenance per acre and the cost of reduced production due to HLB
morbidity.
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Information on production costs from the San Joaquin Valley (SJV) for oranges, mandarins, and
lemons, and information on production value for oranges, grapefruits, lemons, and tangerines and
mandarins, were compiled from published reports. Average tree densities for oranges, lemons, and
mandarins were calculated using information Dr. Reed collected from personal interviews with industry
experts (E. Grafton-Cardwell, personal communication, November 14, 2017; G. Galloway, personal
communication, November 14, 2017; J. Steen, personal communication, November 17, 2017). The
median percent reduction in production due to HLB was calculated based on data presented by Hodges
and Spreen2. Figures representing the total bearing citrus acreage in California were abstracted from the
2016 California Citrus Acreage Report. As Dr. Reed observed,
“One possible limitation is that the information used to approximate the damage due to
HLB was that observed in Florida, which might not be representative of the California system.
However, the losses are proportional to HLB prevalence, and the expected regret and skill values
for a particular EDT are relative to those of the others, which means the relative costs of errors
produced in this analysis are internally consistent, conserving the validity of the comparison.
Additionally, production figures from the San Joaquin Valley (SJV) were used to represent all of
California’s citrus industry, but because the SJV comprises many of the California counties in
which citrus is grown, and because a large percentage of California’s total citrus production is
attributed to the SJV, it serves as a reasonable representation of California citrus for the purpose
of appraising EDTs…
“It was assumed in this analysis that orchards were already established and were
therefore not subject to costs of establishment. The cost of tree replacement (removal and new
planting) was not included here because there would likely be some lag time between removing
the diseased tree and planting the new tree. These costs were therefore assumed here to be
incurred during the subsequent year and not during the year of the initial tree’s removal. The
present analysis evaluated only the immediate cost, and did not include projected future costs,
offering only a limited representation of the total costs associated with HLB.”

Early Detection and Tree Removal
The probability of detecting infected trees, other things being equal, is the product of the
fraction of the population at risk that we screen, fs, and Se:
fs × Se = Pr(Detection)
In our hypothetical scenario, this translates to:
20% * 0.91 = 0.182,
or, as stated in the text, just under 20%.

[2] Hodges, A.W. and T.H. Spreen. Economic Impacts of Citrus Greening (HLB) in Florida, 2006/07–
2010/11. 2012. Food and Resource Economics Department, Florida Cooperative Extension Service,
Institute of Food and Agricultural Sciences, University of Florida, Gainesville, FL 32611.
https://crec.ifas.ufl.edu/extension/greening/PDF/FE90300.pdf
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