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crucial steps of frontline defense to contain invasive 
species and mitigate their damage (Lamarche et al. 
2015; National Invasive Species Council 2016; Eschen 
et al. 2018). 

Laurel wilt is an invasive, fatal vascular disease 
that has resulted in extensive mortality among North 
American members of the Lauraceae family (Fraed-
rich et al. 2008). The species most commonly affected 
are redbay (Persea borbonia [L.] Spreng), sassafras 
(Sassafras albidum [Nutt.] Nees), and avocado (Per-
sea americana Mill.), which collectively include eco-
logically and economically important forest, urban, 
and agriculture trees (Fraedrich et al. 2008; Ploetz et 
al. 2012). The disease is caused by an ambrosia fun-
gus, Raffaelea lauricola, which is carried by a beetle 
vector, Xyleborus glabratus (redbay ambrosia beetle)

INTRODUCTION
Invasive diseases are one of the greatest threats to for-
ests and individual trees, and pathogenic fungi and 
fungus-like organisms in particular cause the greatest 
amount of damage (Santini et al. 2013), such as in the 
case of the pathogens that cause chestnut blight and 
Dutch elm disease, each of which has resulted in the 
deaths of millions of trees (Freinkel 2007; Martín et 
al. 2018). In addition to their devastating effects on 
ecosystems, the cost of managing invasive species 
can reach into the billions of dollars annually (Pimentel 
et al. 2005; Aukema et al. 2011; National Invasive 
Species Council 2016). Efforts to protect trees from 
invasive fungal diseases are paramount to ensure the 
preservation of the benefits they provide. Early detec-
tion, followed by a rapid response, are among the 
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hot plate, portable devices that feature a heating ele-
ment along with fluorescence-based detection are also 
available for real-time monitoring (Ebert et al. 2010; 
Jenkins et al. 2011). The use of portable LAMP 
devices fulfills the criteria for Early Detection and 
Rapid Response as outlined by the US Department of 
the Interior for safeguarding natural resources (US 
Department of the Interior 2016) and would be a use-
ful tool for the rapid detection of invasive pathogens 
such as R. lauricola. LAMP assays have been shown 
to successfully diagnose plant diseases, including those 
caused by bacterial (e.g., Keremane et al. 2015; Ocenar 
et al. 2019), viral (e.g., Congdon et al. 2019), and fun-
gal pathogens (e.g., Tomlinson et al. 2010; Villari et 
al. 2013; Aglietti et al. 2019).

We recently designed a species-specific LAMP 
assay for the molecular detection of R. lauricola directly 
from host tissues in less than 20 minutes of reaction 
time and as early as 12 days after inoculation when 
using crude DNA extracts (Hamilton et al. 2020). 
However, the assay has been only tested with artifi-
cially inoculated and otherwise clean redbay samples, 
and only on a benchtop instrument in a laboratory set-
ting. Further testing is needed to ensure the approach 
is suitable when used in the field, when samples 
might be colonized by multiple organisms, and when 
laboratory equipment is not available. Building upon 
our previous work, the aim of this study was to eval-
uate the performance of the recently designed R. lau-
ricola species-specific LAMP assay for use under 
field conditions comparable to those actually encoun-
tered by laurel wilt surveillance personnel, arborists, 
or orchard managers. With respect to this, we divided 
the study into 2 successive phases with the specific 
objectives of (I) testing the suitability of the LAMP 
assay when using crude DNA extracts from naturally 
infected sassafras and redbay wood samples in a lab-
oratory setting, and (II) verifying the feasibility of the 
LAMP assay when conducted directly in the field on 
portable equipment.

MATERIALS AND METHODS
Objective I: Testing of Naturally Infected 
Samples
Sample Collection
Redbay and sassafras samples were collected in the 
summer and autumn of 2018, respectively, from 6 dif-
ferent locations in 6 different states of the southeastern 

(Fraedrich 2008; Harrington et al. 2008). Although R. 
lauricola is a secondary pest of dying and unhealthy 
trees in its native Asian range (Shih et al. 2018), in 
North America the fungus is extremely pathogenic to 
many native lauraceous species (Hughes et al. 2015), 
including those currently outside of impacted areas, 
such as California laurel (Umbellularia californica 
[Hook. & Arn.] Nutt.)(e.g., Fraedrich 2008). Upon 
being introduced to Georgia and South Carolina by 
2002 (Fraedrich et al. 2008), laurel wilt disease quickly 
spread south throughout Florida, west to Texas (Menard 
et al. 2016), along the Atlantic coast up to North Car-
olina (North Carolina Forest Service 2012), and has 
recently crossed the Appalachian Mountains into 
Tennessee and Kentucky (Loyd et al. 2020). 

Since the disease is already widely established in 
the southeastern United States, eradication efforts are 
no longer viable, and current management suggestions 
include early detection and removal of infected trees 
in an effort to slow the spread of laurel wilt disease to 
new areas (Hughes et al. 2015). Early detection, in 
particular, is the most crucial and currently the most 
inefficient step for the successful management of the 
disease (Hughes et al. 2015). The guidelines in place to 
confirm the disease involve a lengthy process, includ-
ing the shipment of a suspected sample to an equipped 
laboratory and the isolation of a pure fungal culture, 
followed by DNA extraction and species-specific 
PCR (Hughes et al. 2015). This is a time intensive 
process, often taking a week or more, and it signifi-
cantly delays any disease management options. Fur-
thermore, there are currently no PCR protocols that 
can reliably detect R. lauricola directly from host tis-
sues, thus necessitating the isolation of the fungus 
before any molecular test can be performed (Dreaden 
et al. 2014) and emphasizing the need for a diagnostic 
test that can quickly and accurately detect R. lauricola 
directly from host tissues, ideally in the field.  

Loop-mediated isothermal amplification (LAMP) 
is a relatively recent molecular technique (Notomi et 
al. 2000) that has the capability of providing point-of-
care diagnostic testing (Niessen 2015). LAMP is less 
sensitive to inhibitors than PCR (Francois et al. 2011), 
allowing for the use of crude DNA extracts, which can 
be rapidly obtained under field conditions (Kogovsek 
et al. 2015; Colombari et al. 2016). LAMP reactions 
are also isothermal, thereby removing the require-
ment for a thermal cycler (Notomi et al. 2000). While 
basic LAMP reactions can be performed on a simple 
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down in a mini-centrifuge (VWR, Radnor, PA, USA) 
at 3,884 × g for 30 seconds. The supernatant was used 
as template in the LAMP reactions. 

LAMP Assay on a Benchtop Instrument 
LAMP reactions were performed as per Hamilton et 
al. (2020) with one modification, whereby less DNA 
template (i.e., the total DNA that goes in every reac-
tion) was used in order to reduce background noise 
and potential inhibition of the LAMP assays. Each 
25 mL reaction contained 15 mL 1× no-dye Isothermal 
Master Mix (Optigene, Horsham, UK), 0.7 mL of 
each internal primer BT-FIP and BT-BIP (100 mM), 
0.7 mL of each external primer BT-F3 and BT-B3 
(10 mM), 0.2 mL of F-Loop primer (100 mM), 0.24 mL 
of assimilating probe fluorescent (FAM) strand (10 mM), 
0.46 mL of quencher strand (10 mM), 5.3 mL of molec-
ular grade water (Thermo Fisher Scientific, Waltham, 
MA, USA), and 1 mL of crude DNA template. All 
primers were diluted in molecular grade water. Reac-
tions were carried out in 0.2-mL optically clear PCR 
eight-tube strips (Thermo Fisher Scientific) and run 
on a benchtop StepOnePlus Real-Time PCR system 
(Thermo Fisher Scientific) programmed with the fol-
lowing conditions: preheat to 65 °C for 1 minute, 
65 °C for 30 minutes with fluorescence reading every 
minute, followed by a denaturing step at 85 °C for 5 
minutes to halt the reaction and deactivate the poly-
merase. Each sample was run in triplicate, and each 
reaction included a tube with 1 ng of high quality 
DNA of R. lauricola isolate FS-0009 (Hamilton et al. 
2020) as a positive control, in addition to a 

United States, including Arkansas, Georgia, Louisi-
ana, North Carolina, South Carolina, and Texas. At 
each location, 2 sites were selected: one where laurel 
wilt disease was known to occur, and one where the 
disease did not occur. From each site with diseased 
trees, 5 symptomatic and 5 non-symptomatic trees 
were sampled (Table 1), while at sites with no dis-
ease, only 5 non-symptomatic trees were sampled 
(Table 2). The only exceptions to this sampling design 
were that (1) in South Carolina, no non-diseased site 
could be found, and (2) at the Louisiana location, 
only 3 trees were sampled per symptom type per site. 
Samples consisted of 10-cm-long branch or stem sec-
tions, ranging between 4 mm and 15 mm in diameter. 
Sampling was accomplished with the assistance of 
local state and federal forestry agencies, who identi-
fied and collected the samples during their routine 
surveillance operations and then shipped them over-
night on ice to the University of Georgia. Once 
received, samples were stored at ˗20 °C until further 
processing and analyses. 

DNA Extraction in the Laboratory
Crude DNA extracts were obtained following the 
protocol described in Hamilton et al. (2020). Briefly, 
15 mg to 20 mg of wood shavings were removed 
from samples with a scalpel after debarking and 
added to a 1.5 mL micro-centrifuge tube containing 
300 mL of 5% Chelex 100 (BioRad, California, USA). 
The wood shavings were then boiled for 5 minutes, vor-
texed for 15 seconds, boiled again for 5 minutes, and 
vortexed again for 15 seconds, before being spun 

Table 1. Results of laboratory LAMP assays and corresponding validation via fungal isolation to detect Raffaelea lauricola from 
wood tissue samples collected from sites with laurel wilt disease in the southeastern US. Results are reported as number of 
positive assays or fungal isolations out of the total samples tested. 

State	 Collecting agency	 Site name	 Host	 Symptomatic 	 Non-symptomatic
			   species	 samples	 samples
				    LAMP 	 Fungal	 LAMP 	 Fungal
					     isolation		  isolation

Arkansas	 Arkansas Department of	 Conway Cemetery	 Sassafras	 3/5	 3/5	 0/5	 0/5
	 Agriculture, Forestry Division	 Historic State Park
Georgia	 Georgia Forestry Commission	 Toomsboro	 Redbay	 3/5	 3/5	 0/5	 0/5
Louisiana	 United States Forest Service	 Kisatchie National Forest	 Sassafras	 0/3	 0/3	 0/3	 0/3
North Carolina	 North Carolina Forest Service	 Cabin Lake Road	 Redbay	 4/5	 4/5	 0/5	 0/5
South Carolina	 South Carolina Forestry	 Sesquicentennial State Park	 Redbay	 4/5	 4/5	 0/5	 0/5
	 Commission
Texas	 United States Forest Service	 John H. Kirby State Park	 Redbay	 0/5	 0/5	 0/5	 0/5
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was performed at a single site on a single day, with 
the exception of Georgia, where redbay trees were 
sampled at one site and sassafras trees at another, but 
the testing was still carried out on the same day. At 
least 6 individual potentially diseased trees were 
selected in each state based on visual symptoms, 
including leaf wilt and sapwood discoloration upon 
debarking. Collected samples consisted of sapwood 
tissue from the main stem of larger trees or entire sec-
tions of stems from sprouts and saplings.

DNA Extraction in the Field
For in-field crude DNA extractions, we used a proto-
col similar to that previously used in the laboratory, 
but with some adaptations to accommodate the field 
conditions. In particular, we wanted the protocol to be 
workable with minimal equipment and to avoid an 
open flame. Stem wood samples were acquired from 
visually symptomatic host trees only. For smaller 
diameter trees, a hand saw was used to fell trees and 
expose discolored sapwood, and whole stem sections 
were then collected. For larger diameter trees that 
could not be readily felled, a hatchet was used to remove 
bark and expose discolored sapwood, and samples 
were collected with a pocket knife. Tools were disin-
fected with 10% bleach and 70% ethanol in between 
each sample. From each tree, part of the collected 
wood sample was processed for crude DNA extraction 
and LAMP analysis directly on-site, while another 
part was stored in a clean resealable plastic bag and 
transported in a cooler with ice packs back to the lab-
oratory for further analyses. One to three thinly 
shaved, discolored pieces of sapwood (comparable in 
terms of weight to the 15 mg to 20 mg used for the 
crude extraction protocol in the laboratory) were 
placed into a previously prepared extraction tube 

no-template negative control. A result was considered 
positive if 2 out of 3 technical replicates amplified.

Fungal Isolation
To verify the presence of the pathogen in each tested 
sample, a portion of tissue of each sample was plated 
onto amended malt extract agar. Processing consisted 
of debarking the sample and surface sterilizing it by 
dipping it in 10% common bleach in water (corre-
sponding to 8.25% sodium hypochlorite) for 10 sec-
onds, then 70% EtOH for 10 seconds, and finally in 
sterile water for 10 seconds. After the sample was 
allowed to air dry, it was placed onto malt extract agar 
(VWR) amended with 200 ppm cycloheximide (Sigma- 
Aldrich, St. Louis, MO, USA) and 100 ppm streptomy-
cin (Sigma-Aldrich)(CSMA)(Harrington and Fraedrich 
2010). Plates were wrapped with parafilm (Bemis, 
Neenah, WI, USA) and incubated at 25 °C in an 
Isotemp® incubator (Model 655D, Thermo Fisher 
Scientific) until R. lauricola growth was observed or 
a minimum of 2 weeks had passed. Identification of 
R. lauricola was performed based on morphological 
features such as its characteristic mucoid growth, the 
presence of conidiophores, and the shape and size of 
its conidia (Harrington et al. 2008).

Objective II: In-Field Testing of 
the LAMP Assay
Sample Collection
Redbay and sassafras samples were assayed in-field 
from November 2019 to March 2020 in 5 different 
southeastern states, including Georgia, Kentucky, North 
Carolina, South Carolina, and Tennessee (Table 3). 
As previously noted, site locating and sampling was 
again achieved with the assistance of local state and 
federal forestry agencies. At each location, testing 

Table 2. Results of laboratory LAMP assays and corresponding validation via fungal isolation to detect Raffaelea lauricola 
from wood tissue samples collected from sites without laurel wilt disease in the southeastern US. Results are reported as 
number of positive assays or fungal isolations out of the total samples tested.

State	 Collecting agency	 Site name	 Host species	 LAMP 	 Fungal isolation

Arkansas	 Arkansas Department of	 Beirne Bottom Road	 Sassafras	 0/5	 0/5
	 Agriculture, Forestry Division
Georgia	 University of Georgia	 University of Georgia	 Redbay	 0/5	 0/5
Louisiana	 United States Forest Service	 Fishville	 Sassafras	 0/3	 0/3
North Carolina	 North Carolina Forest Service	 Ditchbank Road	 Redbay	 0/5	 0/5
Texas	 United States Forest Service	 The Woodlands	 Redbay	 0/5	 0/5
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containing 300 mL of 5% Chelex 100. When the 
wood discoloration was particularly dark, approxi-
mately half as much wood was used in the extraction 
to avoid excessive background noise and potential 
inhibition of the LAMP assay. Extraction tubes were 
then placed in a floating tube rack and boiled in a low 
wattage 110-V, 0.5-L electric kettle (DCIGNA190327, 
DCIGNA, Wuhan, China). The kettle was either 
plugged into an electricity supply when available 

(e.g., at the state forestry building nearby the sam-
pling location in Tennessee) or into a 1500-W power 
inverter (Model #HD1500, Krieger, Fort Lauderdale, 
FL, USA) connected to the battery of a running vehi-
cle. The lid was removed from the kettle to prevent 
accumulation of vapor, which would trigger its turn-
ing off. Samples were boiled for 5 minutes, manually 
shaken for 10 seconds, boiled for an additional 5 min-
utes, shaken again, and then stored in a cooler with 

Table 3. Results of the in-field LAMP assays and corresponding laboratory verification to detect Raffaelea lauricola from 
wood tissue samples collected and tested in-field at sites with laurel wilt disease in the southeastern US.

State	 Date	 Site name	 Host species	 Sample	 In-field	 Fungal	 Further
	 	 	 	 number	 LAMP	 isolationa	 assessmentb

Georgia	 18 Nov 2019	 Di-Lane Wildlife	 Redbay	 1	 -	 -	  
		  Management Area		  2	 +	 +	
				    3	 +	 +	
				    4	 +	 +	
		  Mitchell Road	 Sassafras	 1	 -	 -	
				    2	 +	 -a	 +
				    3	 +	 +	
				    4	 +	 - a	 +
Kentucky	 11 Mar 2020	 Fort Campbell	 Sassafras	 1	 +	 +	
				    2	 +		
				    3	 +	 +	
				    4	 +	 +	
				    5	 +	 +	
				    6	 +	 +	
North Carolina	 04 Mar 2020	 Mount Olive	 Redbay	 1	 +	 +	
				    2	 +	 +	
				    3	 +	 +	
				    4	 +	 +	
				    5	 -	 + a	 +
				    6	 -	 + a	 +
South Carolina	 26 Nov 2019	 Sesquicentennial	 Redbay	 1	 -	 + a	 +
		  State Park		  2	 +	 +	
				    3	 -	 -	
				    4	 +	 +	
				    5	 +	 +	
			   Sassafras	 1	 +	 - a	 +
				    2	 +	 +	
				    3	 +	 +	
Tennessee	 23 Jan 2020	 Cherokee Park	 Sassafras	 1	 +	 +	
				    2	 +	 +	
				    3	 +	 +	
				    4	 +	 +	
				    5	 +	 +	
				    6	 +	 +	

aDiscording results between in-field LAMP assays and fungal isolations, which prompted a further assessment of the sample.
bSamples that were positive in-field but negative when plated were further assessed by high quality DNA extraction followed by a LAMP assay on benchtop 
equipment; samples that were negative in-field but positive when plated were further assessed by a crude DNA extraction followed by a LAMP assay on a por-
table device.
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DNeasy plant mini kit (QIAGEN, Germantown, MD, 
USA) as per the manufacturer’s protocol.

Statistical Analysis
To determine the accuracy of the in-field LAMP 
assay compared to the actual presence of R. lauricola 
in the samples, the true positive rate (i.e., sensitivity) 
was calculated as the number of correct positive pre-
dictions (i.e., positive in-field LAMP assays con-
firmed by either laboratory isolations or high quality 
DNA testing) divided by the total number of positives 
(i.e., positive laboratory isolations and high quality 
DNA testing)(Yerushalmy 1947) using Microsoft 
Excel® 2013 (Version 15.0.5215.1000).

RESULTS
Objective I: Testing of Naturally Infected 
Samples
LAMP Testing in the Laboratory
The results of the laboratory validation of naturally 
infected samples collected in diseased locations are 
reported in Table 1, whereas the samples collected in 
the non-diseased locations are reported in Table 2. Of 
the symptomatic host samples received from cooper-
ators, 4 out of 5 samples from North Carolina and 
South Carolina and 3 out of 5 samples from Arkansas 
and Georgia tested positive for R. lauricola, whereas 
none of the symptomatic samples collected in Louisi-
ana or Texas tested positive for the pathogen (Table 
1). None of the samples from non-symptomatic trees 
gave a positive result with the LAMP assay, regard-
less of whether or not laurel wilt was present at the 
location (Tables 1 and 2).

Fungal Isolation
Results of the fungal isolations were all consistent 
with the results of the LAMP assays (Tables 1 and 2). 
Growth of R. lauricola was only observed for those 
samples that tested positive with the LAMP assay, 
while no growth was observed when the results of the 
LAMP assay were negative. 

Objective II: In-Field Testing of 
the LAMP Assay
LAMP Assay on a Portable Device
The results of the in-field testing of symptomatic 
samples are reported in Table 3, and an example of 
individual runs results from each state is shown in 

ice packs until testing. Prior to testing, samples were 
centrifuged 2,000 × g for 10 seconds on a Corning 
LSE #6770 mini-centrifuge (Corning, NY, USA) 
connected to the same power source previously used 
for the kettle, and only the supernatant was used as 
template in the LAMP reactions.

LAMP Assay on a Portable Device
Preliminary testing was performed using a BioRanger™ 
Platform (Diagenetix, Honolulu, HI, USA), but because 
the device functioning was not consistent (data not 
shown), we decided to proceed with a Genie® III 
(Optigene) portable LAMP device. LAMP reactions 
in the field were performed using the same crude 
DNA reaction mix as described above, which had been 
prepared beforehand (24 hours to 36 hours prior to 
testing) and already aliquoted into strips. Ready-to-use 
reaction strips, with each including a positive control 
and a negative control as described above, were double 
wrapped in aluminum foil to avoid photodegradation 
of the probes and stored at 4 °C until use. During travel, 
reagents were constantly kept on ice. After adding 1 mL 
of template, LAMP reactions were performed on the 
Genie® III (Optigene) device programmed with the 
following conditions: 65 °C for 30 minutes with the 
default fluorescence reading (15 seconds) followed 
by an inactivation step at 85 °C for 5 minutes to halt 
the reaction and deactivate the polymerase. 

Verification of Field Results
Field collected samples were transported to the labo-
ratory to further verify the presence of R. lauricola. A 
portion of tissue of each sample was plated onto 
amended malt extract agar as previously described, 
and the presence of mycelial growth of R. lauricola 
or its absence was recorded. Discrepancies among field 
LAMP assay results and plating were further assessed 
as follows: (1) if a sample tested positive according to 
the in-field LAMP assay, but R. lauricola was not 
recovered when plated, a high quality DNA extraction 
followed by a LAMP assay on the benchtop equipment 
was performed following the protocol previously 
described; (2) if a sample tested negative according to 
the in-field LAMP assay, but R. lauricola was recov-
ered when plated, a crude DNA extraction with less 
starting material, to reduce potential inhibition, was 
performed in the laboratory, followed by a LAMP 
assay on the portable device, as previously described. 
For high quality DNA extractions, samples were 
ground in liquid nitrogen and extracted with a Qiagen 
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out of 4 redbay and 3 out of 4 symptomatic sassafras 
tested positive for laurel wilt disease, and in South 
Carolina, 3 out of 5 redbay and 3 out of 3 sassafras 
were positive. In North Carolina, 4 out of 6 redbay 
tested positive, but in both Tennessee and Kentucky, 
6 out of 6 sassafras tested positive (Table 3).

Figure 1. The LAMP assay was capable of success-
fully detecting R. lauricola directly at the sites with 
infected trees using a field-appropriate crude extraction 
protocol and a Genie® III LAMP device. No amplifi-
cation in the negative wells was observed, and all 
positive controls amplified successfully. In Georgia, 3 

Figure 1. Examples of results of the in-field tests performed on a Genie® III portable LAMP device to detect Raffaelea lauricola using 
symptomatic samples from (A) Georgia (GA), (B) Kentucky (KY), (C) North Carolina (NC), (D) South Carolina (SC), and (E) Tennessee 
(TN). Positive results are identifiable by a rapidly increasing rate of fluorescence over time, indicating the successful amplification of 
target DNA. Template of each reaction was 1 μL of the 5% Chelex 100 crude extracted DNA. Each reaction was run in 3 replicates. NTC, 
no template control; PC, positive control. 
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DISCUSSION
This study demonstrates that a LAMP-based molecular 
assay can rapidly and accurately detect the laurel wilt 
disease pathogen R. lauricola directly in-field without 
the reliance on an external laboratory. Building upon 
previous work that developed the species-specific 
LAMP primers (Hamilton et al. 2020), we were able 
to show that the assay is capable of correctly detect-
ing the pathogen directly in naturally infected sam-
ples, even when multiple organisms are likely to be 
colonizing the tissues. Moreover, we were able to 
determine the reliability of the LAMP assay when 
conducted directly in the field on portable equipment. 
The actual positive rate of the in-field testing was 
90%, and the test provides great advantages when one 
considers that the diagnostic response (which included 
sampling of identified trees, crude DNA extraction, 
and LAMP reaction) was completed within an hour 
of arriving on site. This is an improvement when com-
pared to previous confirmation strategies that could 
take a week or more (Dreaden et al. 2014; Hughes et 
al. 2015) and exemplifies how the implementation of 
LAMP could provide a robust detection tool that 
could improve integrated pest management of laurel 
wilt disease. By providing immediate and accurate 
diagnoses at infection locations, management prac-
tices such as the sanitation removals of infected trees 
could be made without delay. 

Due to the generic features of laurel wilt symptoms 
(Fraedrich et al. 2008), the disease can be misdiag-
nosed. We received several putatively infected redbay 
and sassafras samples collected by different personnel 
involved in the disease surveillance operations. All of 
these putatively infected samples displayed some 
degree of wilting and sapwood discoloration, which 
resembled symptoms of laurel wilt, yet many tested 
negative, and R. lauricola could not be isolated, illus-
trating how diagnosis based on visual symptoms still 
requires pathogen detection for disease confirmation, 
which to date relies on external laboratories. This is 
particularly important when the symptoms observed 
in lauraceous species are associated with colonization 
by different Asian ambrosia beetles, such as Xylosan-
drus compactus and Xylosandrus crassiusculus, which 
do not carry R. lauricola or similar pathogens, but can 
also result in sapwood discoloration and dieback of 
small branches (Chong et al. 2009; Ranger et al. 2016). 

One of the challenges of performing point-of-care 
diagnostic testing is the limited control over sample 

Verification of Field Results
Results of the fungal isolations were mostly consistent 
with the results of the LAMP assay (Table 3), but dis-
crepancies in some of the results were observed. Spe-
cifically, 2 of the sassafras samples that tested positive 
at the Georgia site and 1 of the sassafras samples that 
tested positive in the South Carolina site did not result 
in growth of R. lauricola once plated. High quality DNA 
of these wood samples was extracted in the labora-
tory and tested again with a LAMP assay on benchtop 
equipment, and a positive result was observed in all 
cases (Figure 2), confirming that the results previ-
ously observed in the field were a true positive. On the 
other hand, the 2 redbay samples that tested negative 
in the North Carolina site and 1 of the redbay samples 
that tested negative in the South Carolina site resulted 
in growth of R. lauricola once plated, indicating that 
the results previously observed in the field were a false 
negative. To further assess if the false negative was 
potentially due to inhibition of the reaction, a new crude 
extraction with less starting plant material was per-
formed in the laboratory, followed by a LAMP reaction 
on the portable device. Results of this second reaction 
were all positives for the presence of R. lauricola 
(Table 3), confirming that the false negative results 
observed in the field were probably due to inhibition 
of the reaction. Overall true positive rate of the LAMP 
assay performed in field conditions was 90%. 

Figure 2. Example of a laboratory assessment of discording 
results between in-field LAMP assay using a portable device 
and fungal plating. Positive results are identifiable by a rapidly 
increasing rate of fluorescence over time, indicating the suc-
cessful amplification of target DNA. Samples that tested posi-
tive in the field, but that did not result in growth of Raffaelea 
lauricola when plated in growing media, were further assessed 
by high quality DNA extraction followed by a LAMP assay on 
benchtop equipment. Each reaction was run in 3 technical 
replicates. GA, Georgia; SC, South Carolina; NTC, no template 
control; PC, positive control.
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the need of a dedicated power source (for instance, as 
in Aglietti et al. 2019). Current LAMP technology 
requires minimal training for personnel performing 
the assay (Tomlinson et al. 2013; Thiessen et al. 
2018). Additional improvements could further reduce 
the need for technical expertise and increase the ease 
and portability of the assays. 

In conclusion, this study demonstrates the success-
ful use of LAMP-based technology to rapidly diagnose 
laurel wilt disease and possibly other tree pathogens 
directly in-field. These results should foster the in-field 
use of this technology for other forest pathogens as 
well, ultimately enabling better disease management. 
The capability of LAMP to provide rapid and accu-
rate in-field confirmation of forest and other tree dis-
eases contributes to an effective early detection and 
rapid response system to mitigate the impact of these 
damaging agents (Luchi et al. 2020).

LITERATURE CITED
Aglietti C, Luchi N, Pepori AL, Bartolini P, Pecori F, Raio A, 

Capretti P, Santini A. 2019. Real-time loop-mediated isothermal 
amplification: An early-warning tool for quarantine plant 
pathogen detection. AMB Express. 9(1):50. https://doi.org/10 
.1186/s13568-019-0774-9

Aukema JE, Leung B, Kovacs K, Chivers C, Britton KO, Englin J, 
Frankel SJ, Haight RG, Holmes TP, Liebhold AM, McCullough 
DG, Von Holle B. 2011. Economic impacts of non-native 
forest insects in the continental United States. PLoS One. 
6(9):e24587. https://doi.org/10.1371/journal.pone.0024587

Chong JH, Reid L, Williamson M. 2009. Distribution, host 
plants, and damage of the black twig borer, Xylosandrus 
compactus (Eichhoff), in South Carolina. Journal of Agricul-
tural and Urban Entomology. 26(4):199-208. https://doi.org/ 
10.3954/1523-5475-26.4.199

Colombari F, Villari C, Simonato M, Cascone P, Ferracini C, 
Alma A, Guerrieri E, Battisti A. 2016. Rapid on-site identifi-
cation of the biocontrol agent of the Asian chestnut gall 
wasp. Biocontrol Science and Technology. 26(9):1285-1297. 
https://doi.org/10.1080/09583157.2016.1195335

Congdon B, Matson P, Begum F, Kehoe M, Coutts B. 2019. 
Application of loop-mediated isothermal amplification in an 
early warning system for epidemics of an externally sourced 
plant virus. Plants (Basel). 8(5):139. https://doi.org/10.3390/
plants8050139

Dreaden TJ, Davis JM, Harmon CL, Ploetz RC, Palmateer AJ, 
Soltis PS, Smith JA. 2014. Development of multilocus PCR 
assays for Raffaelea lauricola, causal agent of laurel wilt dis-
ease. Plant Disease. 98(3):379-383. https://doi.org/10.1094/
PDIS-07-13-0772-RE

Ebert K, Andreou M, Millington S, King DP. 2010. Evaluation 
of a portable amplification platform for loop-mediated iso-
thermal amplification (LAMP) of foot-and-mouth disease 
virus (FMDV) and African swine fever (ASFV). Horsham, 

quality. In our experiment, for instance, we had 3 
false negatives. When samples were retested in the 
laboratory, however, samples tested positive, which 
was the correct diagnosis as confirmed by isolation of 
the fungus in culture. The only difference between 
the protocol in the field and the protocol in the lab 
was that in the lab we used less starting material for 
the extraction. This suggests that the reactions in the 
field failed due to the presence of inhibitors in the 
template. The possibility that the false negatives 
observed in-field were due to degradation of the 
reagents, on the other hand, was excluded because the 
positive controls amplified as expected both in terms 
of time and intensity. The presence of inhibitors in 
naturally infected, darkly pigmented samples was a 
common issue we encountered as we were trouble-
shooting the crude DNA extraction protocol. Ulti-
mately, this is the reason we decreased the amount of 
wood used during extractions and reduced the volume 
of template per reaction from 5 µL to 1 µL for in-field 
LAMP tests, compared to the protocol described in 
Hamilton et al. (2020). Despite the presence of inhib-
itors, however, extracting from discolored wood tis-
sues is still preferred, as it maximizes the probability 
of pathogen detection when the fungus is present. 

Three of the sassafras samples that tested positive 
for the presence of R. lauricola, both in the field and 
with further assessment in the laboratory, failed to 
exhibit growth when plated on a media. This might 
be because the fungus was no longer viable, even 
while its DNA was still present. The in-field testing 
phase of this study was conducted in the autumn and 
winter seasons, when sassafras has already shed its 
leaves, which made it difficult to determine how long 
sampled trees had been dead. Over time, the sapwood 
of trees with laurel wilt dries out, and it becomes 
increasingly difficult to isolate R. lauricola from 
samples (Fraedrich 2020, unpublished data). The 3 
samples in question may have come from trees that 
had been dead for many months, and sample moisture 
content and colonization by secondary organisms 
may have affected the ability to isolate R. lauricola. 
Yet, the LAMP assay was still able to detect the pres-
ence of R. lauricola DNA in samples. 

Future work should focus on further optimization 
of in-field LAMP-based diagnostic procedures. This 
includes the development of commercially available 
lyophilized, ready-to-use reagents and a more efficient 
crude DNA extraction protocol, preferably without 

AUF202105.indd   106AUF202105.indd   106 4/7/21   3:35 PM4/7/21   3:35 PM



©2021 International Society of Arboriculture

Arboriculture & Urban Forestry 47(3): May 2021 107

management. Crop Protection. 68:41-48. https://doi.org/10 
.1016/j.cropro.2014.10.026

Kogovsek P, Hodgetts J, Hall J, Prezelj N, Nikolic P, Mehle N, 
Lenarcic R, Rotter A, Dickinson M, Boonham N, Dermastia 
M, Ravnikar M. 2015. LAMP assay and rapid sample prepa-
ration method for on-site detection of flavescence doree phy-
toplasma in grapevine. Plant Pathology. 64(2):286-296. 
https://doi.org/10.1111/ppa.12266

Lamarche J, Potvin A, Pelletier G, Stewart D, Feau N, Alayon 
DI, Dale AL, Coelho A, Uzunovic A, Bilodeau GJ, Briere 
SC, Hamelin RC, Tanguay P. 2015. Molecular detection of 
10 of the most unwanted alien forest pathogens in Canada 
using real-time PCR. PLoS One. 10(8):e0134265. https://doi 
.org/10.1371/journal.pone.0134265

Loyd AL, Chase KD, Nielson A, Hoover N, Dreaden TJ, Mayfield 
AE, Crocker E, Fraedrich SW. 2020. First report of laurel 
wilt caused by Raffaelea lauricola on Sassafras albidum in 
Tennessee and Kentucky. Plant Disease. 104(2):567. https://
doi.org/10.1094/PDIS-09-19-1914-PDN

Luchi N, Ioos R, Santini A. 2020. Fast and reliable molecular 
methods to detect fungal pathogens in woody plants. Applied 
Microbiology and Biotechnology. 104:2453-2468. https://doi 
.org/10.1007/s00253-020-10395-4

Martín JA, Sobrino-Plata J, Rodríguez-Calcerrada J, Collada C, 
Gil L. 2018. Breeding and scientific advances in the fight 
against Dutch elm disease: Will they allow the use of elms in 
forest restoration? New Forests. 50:183-215. https://doi.org/10 
.1007/s11056-018-9640-x

Menard RD, Clarke SR, Fraedrich SW, Harrington TC. 2016. 
First report of laurel wilt, caused by Raffaelea lauricola, on 
redbay (Persea borbonia) in Texas. Plant Disease. 
100(7):1502. https://doi.org/10.1094/PDIS-01-16-0038-PDN

National Invasive Species Council. 2016. Invasive species early 
detection and rapid response: Resource guide. Washington 
(DC, USA): US Department of the Interior. 18 p. https://
www.doi.gov/sites/doi.gov/files/uploads/EDRR%20Resource 
%20Guide_02_17_2016_Final.pdf

Niessen L. 2015. Current state and future perspectives of 
loop-mediated isothermal amplification (LAMP)-based diag-
nosis of filamentous fungi and yeasts. Applied Microbiology 
and Biotechnology. 99:553-574. https://doi.org/10.1007/
s00253-014-6196-3

North Carolina Forest Service. 2012. Laurel wilt continues to 
spread in southeastern North Carolina. Forest Health Notes. 
201201-LW:1-5. https://digital.ncdcr.gov/digital/collection/
p16062coll9/id/108703

Notomi T, Okayama H, Masubuchi H, Yonekawa T, Watanabe 
K, Amino N, Hase T. 2000. Loop-mediated isothermal 
amplification of DNA. Nucleic Acids Research. 28(12):e63. 
https://doi.org/10.1093/nar/28.12.e63

Ocenar J, Arizala D, Boluk G, Dhakal U, Gunarathne S, Paudel 
S, Dobhal S, Arif M. 2019. Development of a robust, field- 
deployable loop-mediated isothermal amplification (LAMP) 
assay for specific detection of potato pathogen Dickeya dian-
thicola targeting a unique genomic region. PLoS One. 14(6): 
e0218868. https://doi.org/10.1371/journal.pone.0218868

Pimentel D, Zuniga R, Morrison D. 2005. Update on the envi-
ronmental and economic costs associated with alien-invasive 
species in the United States. Ecological Economics. 

West Sussex (UK): OptiGene Ltd. http://www.optigene 
.co.uk/applications/evaluation-of-a-portable-amplification 
-platform-for-loop-mediated-isothermal-amplification-lamp-
of-foot-and-mouth-disease-virus-fmdv-and-african-swine 
-fever-asfv

Eschen R, O’Hanlon R, Santini A, Vannini A, Roques A, 
Kirichenko N, Kenis M. 2018. Safeguarding global plant 
health: The rise of sentinels. Journal of Pest Science. 
92(10):29-36. https://doi.org/10.1007/s10340-018-1041-6

Fraedrich SW. 2008. California laurel is susceptible to laurel 
wilt caused by Raffaelea lauricola. Plant Disease. 92:1469-
1469. https://doi.org/10.1094/PDIS-92-10-1469A

Fraedrich SW. 2020. Unpublished raw data. Asheville (NC, USA): 
USDA Forest Service, Southern Research Station.

Fraedrich SW, Harrington TC, Rabaglia RJ, Ulyshen MD, May-
field III AE, Hanula JL, Eickwort JM, Miller DR. 2008. A 
fungal symbiont of the redbay ambrosia beetle causes a lethal 
wilt in redbay and other Lauraceae in the southeastern United 
States. Plant Disease. 92(2):215-224. https://doi.org/10.1094/ 
PDIS-92-2-0215

Francois P, Tangomo M, Hibbs J, Bonetti EJ, Boehme CC, 
Notomi T, Perkins MD, Schrenzel J. 2011. Robustness of a 
loop-mediated isothermal amplification reaction for diagnostic 
applications. FEMS Immunology and Medical Microbiology. 
62(1):41-48. https://doi.org/10.1111/j.1574-695X.2011.00785.x

Freinkel S. 2007. American chestnut: The life, death, and rebirth 
of a perfect tree. Berkeley (CA, USA): University of California 
Press. 304 p.

Hamilton JL, Workman JN, Fraedrich SW, Nairn CJ, Villari C. 
2020. Rapid detection of Raffaelea lauricola directly from 
host plant and beetle vector tissues using loop-mediated iso-
thermal amplification. Plant Disease. 104(12). https://doi 
.org/10.1094/PDIS-02-20-0422-RE 

Harrington TC, Fraedrich SW. 2010. Quantification of propagules 
of the laurel wilt fungus and other mycangial fungi from the 
redbay ambrosia beetle, Xyleborus glabratus. Phytopathology. 
100(10):1118-1123. https://doi.org/10.1094/PHYTO-01-10 
-0032

Harrington TC, Fraedrich S, Aghayeva D. 2008. Raffaelea lauri-
cola, a new ambrosia beetle symbiont and pathogen on the 
Lauraceae. Mycotaxon. 104:399-404.

Hughes MA, Smith JA, Ploetz RC, Kendra PE, Mayfield III AE, 
Hanula JL, Hulcr J, Stelinski LL, Cameron S, Riggins JJ, 
Carrillo D, Rabaglia R, Eickwort J, Pernas T. 2015. Recovery 
plan for laurel wilt on redbay and other forest species caused 
by Raffaelea lauricola and disseminated by Xyleborus glabratus. 
Plant Health Progress. 16(4):173-210. https://doi.org/10.1094/
PHP-RP-15-0017

Jenkins DM, Kubota R, Dong J, Li Y, Higashiguchi D. 2011. 
Handheld device for real-time, quantitative, LAMP-based 
detection of Salmonella enterica using assimilating probes. 
Biosensors and Bioelectronics. 30(1):255-260. https://doi 
.org/10.1016/j.bios.2011.09.020

Keremane ML, Ramadugu C, Rodriguez E, Kubota R, Shibata 
S, Hall DG, Roose ML, Jenkins D, Lee RF. 2015. A rapid 
field detection system for citrus huanglongbing associated 
Candidatus Liberibacter asiaticus from the psyllid vector, 
Diaphorina citri Kuwayama and its implications in disease 

AUF202105.indd   107AUF202105.indd   107 4/7/21   3:35 PM4/7/21   3:35 PM



©2021 International Society of Arboriculture

108 Hamilton et al: A Portable Diagnostic Approach Confirms Laurel Wilt Disease in Minutes

ACKNOWLEDGMENTS
We thank David Jenkins (South Carolina Forestry Commission), 
Chandler Barton (Arkansas Department of Agriculture, Forestry 
Division), Wayne Langston and Jim Slye (North Carolina Forest 
Service), Chip Bates and Chris Barnes (Georgia Forestry Com-
mission), Jaesoon Hwang, Stephen Clarke, and Susan Best 
(USDA Forest Service), John Henderson and Rick Martin (Ten-
nessee Forestry), Alexandra Blevins (Kentucky Division of For-
estry), and Megan Buland (University of Kentucky) for their 
assistance in field collection and in-field testing. Funding for this 
project was provided by The USDA Forest Service, Forest Health 
Protection Special Technology Development Program (Grant #: 
17DG11083150006) and the D.B. Warnell School of Forestry 
and Natural Resources, University of Georgia.

Jeffrey L. Hamilton, MS (corresponding author)
Warnell School of Forestry and Natural Resources
University of Georgia
Athens, GA, USA
jeffrey.hamilton@uga.edu

Stephen W. Fraedrich, PhD
USDA Forest Service
Southern Research Station
Athens, GA, USA

Campbell J. Nairn, PhD
Warnell School of Forestry and Natural Resources
University of Georgia
Athens, GA, USA

Albert E. Mayfield, PhD
USDA Forest Service
Southern Research Station
Asheville, NC, USA

Caterina Villari, PhD (corresponding author)
Warnell School of Forestry and Natural Resources
University of Georgia
Athens, GA, USA
706-542-2535
cvillari@uga.edu

Conflicts of Interest:
The authors reported no conflicts of interest.
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Sud-est des États-Unis. L’agent causal est un champignon invasif, 
Raffaelea lauricola, symbiote du coléoptère Xyleborus glabratus, 
qui provoque un flétrissement vasculaire rapide et fatal. Un dia-
gnostic précoce du flétrissement du laurier est impératif pour la 
gestion efficace de cette maladie. Le processus de diagnostic 
actuel est toutefois lent en raison de la longueur des tests de labo-
ratoire nécessaires pour confirmer la présence de l’agent pathogène. 
Les méthodes: nous avons testé la robustesse et la portabilité sur 
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andere Erreger verursacht wurden. Im Feldversuch haben wir 
Holzproben von symptomatischen Rotbuchen (Persea borbonia 
[L.] Spreng) und Sassafras (Sassafras albidum [Nutt.] Nees) im 
Südosten des Landes untersucht und R. lauricola-infizierte 
Bäume in weniger als einer Stunde erfolgreich nachgewiesen. 
Schlussfolgerung: Die Ergebnisse dieser Studie bestätigen, dass 
der im Feld einsetzbare LAMP-Assay robust ist und R. lauricola 
in infizierten Bäumen direkt vor Ort schnell und genau nach-
weisen kann. Die LAMP-Technologie eignet sich gut für den 
Einsatz im Feld, und diese Ergebnisse dienen als Anreiz für die 
weitere Entwicklung und Anwendung dieser Technologie im 
Bereich der Forstpathologie.

Resumen. Antecedentes: la enfermedad de Laurel ha causado 
extensa mortalidad de especies lauraceas en el sureste de los Esta-
dos Unidos. El agente causal es un hongo invasivo, Raffaelea 
lauricola, que es un simbionte del escarabajo Xyleborus glabra-
tus, y causa un rápido y fatal marchitamiento vascular. El diag-
nóstico precoz de la marchitamiento de laurel es imperativo para 
un manejo eficiente de la enfermedad. El proceso de diagnóstico 
actual, sin embargo, es lento debido a los largos procedimientos 
de laboratorio necesarios para confirmar la presencia de 
patógenos. Métodos: probamos la robustez y la portabilidad en el 
campo de un ensayo de amplificación isotérmica (LAMP) recien-
temente desarrollado, específico para R. lauricola, con el objetivo 
general de eliminar la necesidad de una confirmación del diag-
nóstico de laboratorio. Probamos la robustez del ensayo utilizando 
equipos de sobremesa con muestras infectadas naturalmente. 
Luego probamos el ensayo directamente en el campo usando un 
dispositivo portátil. Resultados: El ensayo detectó con éxito  R. 
lauricola directamente del tejido de madera sintomático utili-
zando extractos de ADN crudo. Además, el ensayo permitió fácil-
mente a los usuarios distinguir entre los síntomas causados por la 
infección por R. lauricola  y síntomas similares causados por 
otros agentes. En el campo, ensayamos muestras de madera sin-
tomática de Persea borbonia  [L.] Spreng y Sassafras albidum  
[Nutt.] Nees en todo el sureste y se detectaron con éxito, en 
menos de una hora, árboles de  R. lauricola infectados. Con-
clusión: Los resultados de este estudio confirmaron que el ensayo 
LAMP desplegable sobre el terreno es robusto y puede detectar 
rápida y precisamente  R. lauricola  en árboles infectados direct-
amente in situ. La tecnología LAMP es adecuada para la imple-
mentación en el campo; estos resultados sirven como un incentivo 
para el desarrollo y uso de esta tecnología en el campo de la 
patología forestal.

pour R. lauricola, dans le but d’éliminer la nécessité d’une confir-
mation du diagnostic en laboratoire. Nous avons validé la robus-
tesse du test en utilisant un équipement sur plan de travail avec 
des échantillons naturellement infectés. Par la suite, nous avons 
validé le test directement sur le terrain à l’aide d’un appareil por-
tatif. Résultats: Le test a permis de détecter avec succès R. lauri-
cola directement à partir de tissus de bois symptomatiques en 
utilisant des extraits bruts d’ADN. En outre, le test a permis aux 
utilisateurs de distinguer facilement les symptômes causés par 
l’infection à R. lauricola de symptômes semblables causés par 
d’autres agents. Sur le terrain, nous avons analysé des échantil-
lons de bois provenant d’avocatiers de Caroline symptomatiques 
(Persea borbonia [L.] Spreng) et de sassafras (Sassafras albidum 
[Nutt.] Nees) récoltés un peu partout dans le Sud-est et avons 
réussi à détecter des arbres infectés par R. lauricola en moins 
d’une heure. Conclusion: Les résultats de cette étude ont confirmé 
que le test AIMB, apte à être déployé sur le terrain, est robuste et 
peut rapidement détecter avec précision R. lauricola dans les 
arbres infectés directement, in situ. La technologie AIMB est bien 
adaptée à une application sur le terrain et ces résultats servent 
d’incitation à en poursuivre le développement et l’utilisation dans 
le domaine de la pathologie forestière.

Zusammenfassung. Hintergrund: Die Lorbeerwelke-Krank-
heit hat im Südosten der Vereinigten Staaten zu einem weitgehen-
den Absterben von Lorbeerarten geführt. Der Erreger ist ein 
invasiver Pilz (Raffaelea lauricola) der ein Symbiont des Käfers 
Xyleborus glabratus ist und eine schnelle, tödliche Gefäßwelke 
verursacht. Eine frühe Diagnose der Lorbeerwelke ist für eine 
effiziente Krankheitsbekämpfung unerlässlich. Der derzeitige 
Diagnoseprozess ist jedoch aufgrund der langwierigen Laborver-
fahren, die zur Bestätigung des Erregernachweises erforderlich 
sind, langsam. Methoden: Wir testeten die Robustheit und Feld-
portabilität eines kürzlich entwickelten, artspezifischen, schleif-
envermittelten isothermen Amplifikationstests (LAMP) für R. 
lauricola, mit dem Ziel, die Notwendigkeit einer Laborbestäti-
gung der Diagnose zu vermeiden. Wir haben die Robustheit des 
Assays unter Verwendung von Benchtop-Geräten mit natürlich 
infizierten Proben getestet. Anschließend prüften wir den Assay 
direkt im Feld mit einem tragbaren Gerät. Ergebnisse: Der Assay 
wies erfolgreich R. lauricola direkt aus symptomatischem 
Holzgewebe unter Verwendung von rohen DNA-Extrakten nach. 
Darüber hinaus erlaubte der Assay den Anwendern eine einfache 
Unterscheidung zwischen Symptomen, die durch eine R. lauricola- 
Infektion verursacht wurden, und ähnlichen Symptomen, die durch 
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