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Abstract

Phakopsora pachyrhizi, the causal agent of soybean rust (SBR), is a
global threat to soybean production. Since the discovery of SBR in the
continental United States, quantitative polymerase chain reaction assays
based on the internal transcribed spacer (ITS) ribosomal DNA locus were
established for its rapid detection. However, insufficient data were ini-
tially available to test assays against factors that could give rise to mis-
identification. This study aimed to reevaluate current assays for (i) the
potential for false-positive detection caused by nontarget Phakopsora
species and (ii) the potential for false-negative detection caused by intra-
specific variation within the ITS locus of P. pachyrhizi. A large amount
of intraspecific and intragenomic variation in ITS was detected, including

the presence of polymorphic ITS copies within single leaf samples and
within single rust sori. The diagnostic assays were not affected by poly-
morphisms in the ITS region; however, current assays are at risk of false
positives when screened against other species of Phakopsora. This study
raises caveats to the use of multicopy genes (e.g., ITS) in single-gene de-
tection assays and discusses the pitfalls of inferences concerning the
aerobiological pathways of disease spread made in the absence of an
evaluation of intragenomic ITS heterogeneity.
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Phakopsora pachyrhizi Syd. & P. Syd., the causal agent of soy-
bean rust (SBR), is one of several species of rust fungi that cause dis-
ease on soybean [Glycine max (L.) Merr] (Ono et al. 1992). In some
countries, SBR has reportedly caused losses of >50% of soybean
yield (Bonde et al. 2006; Fletcher et al. 2010; Kelly et al. 2015;
Sikora et al. 2014), and the disease caused profit losses of up to $2
billion in Brazil in 2003 (Yorinori et al. 2005).

Several detection methods were developed and implemented in re-
sponse to outbreaks of SBR across the western hemisphere in the
early 2000s (Allen et al. 2017; Isard et al. 2005, 2007, 2011; Kelly
etal. 2015; Sikora et al. 2014; Young et al. 2011). Data obtained from
traditional field and laboratory methods, based on morphology and
symptomology, were uploaded to the Integrated Pest Management—
Pest Information Platform for Extension and Education (2018)
(IPM-PIPE) database, with which plant pathologists could mon-
itor the spread and development of SBR. However, these data
have limited value for preventing disease outbreaks and consequent
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yield losses. In an attempt to forecast SBR disease outbreaks, plant
pathologists have developed a multifaceted approach involving so-
phisticated meteorological models (Esker et al. 2007; Isard et al.
2005), geographic information systems that track disease spread
(Nelson et al. 1999; Plantegenest et al. 2007), and molecular identi-
fication of airborne urediniospores (Isard et al. 2011; Williams et al.
2001).

Frederick et al. (2002) developed conventional and real-time quan-
titative polymerase chain reaction (QPCR) assays based on the inter-
nal transcribed spacer (ITS) region of ribosomal DNA to detect and
differentiate urediniospores of P. pachyrhizi and P. meibomiae, a
closely related (and less severe) SBR fungal pathogen. Additional
ITS-based detection assays were developed by Freire et al. (2008)
to study the global population structure and migration routes of
SBR and by Barnes et al. (2009) to detect and forecast P. pachyrhizi
from spores collected in rainwash.

Barnes et al. (2009) tested their assay for false-positive results
against P. meibomiae and nine species of Puccinia. However, 19
other species of Phakopsora are reported in the continental United
States and Mexico (44 records total; Table 1), raising concern for
the potential false-positive detection of P. pachyrhizi. In addition,
at least 29 other species of Phakopsora are known from Central
America (81 records) and 58 from South America (542 records) (Farr
and Rossman 2018), where SBR continues to pose a threat to soy-
bean. Many of these species of Phakopsora do not infect legumes
but could possibly follow the same aerobiological pathways as P.
pachyrhizi (Golan and Pringle 2017; Isard et al. 2005, 2007; Schu-
mann and Leonard 2000), and it is unknown to what degree diagnos-
tic primers of SBR amplify other species of Phakopsora.

The ITS region is widely accepted as the primary diagnostic bar-
code for fungal identification (Badotti et al. 2017; Schoch and Seifert
2012; Schoch et al. 2012). However, intraspecific and intragenomic
dissimilarities among ITS copies have been observed in many fungi
(Kiss 2012; Nilsson et al. 2008; Simon and Wei3 2008), espe-
cially those that are predominately asexual or polyploid (Eickbush
and Eickbush 2007; Nei and Rooney 2005). Intragenomic ITS copies
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have been reported in several taxa of rust fungi, including Chrysomyxa
species (Feau et al. 2011), Coleosporium species (McTaggart and
Aime 2018), Melampsora larici-populina (Persoons et al. 2014),
Puccinia emaculata (Uppalapati et al. 2013), and Puccinia kuehnii
(Virtudazo et al. 2001).

Given that many fungal species house intraspecific and intrage-
nomic variations in ITS, the specificity and reliability of diagnostic
primers used in epidemiological tracking and diagnostics warrant
more careful attention (Fig. 1). Therefore, one of the goals of this
study was to assess the extent of intraspecific and intragenomic var-
iation in ITS copies of P. pachyrhizi as well as the effect of such var-
iation on the reliability of diagnostic assays. In establishing the
degree of variability in ITS among SBR populations, and the extent
of intragenomic variation within single urediniospores, our study
highlights the need for greater caution in clinical protocols that rely
on molecular identification from multicopy genetic loci.

Materials and Methods

Specimen collection and DNA extraction. A total of 29 speci-
mens of P. pachyrhizi were collected from 21 individual soybean
leaves, seven individual kudzu (Pueraria montana var. lobata)
leaves, and one vial of detached spores from several soybean leaves
(Table 2). All P. pachyrhizi specimens were collected between 2005
and 2017. P. arthuriana, P. crotonis, P. meibomiae, P. gossypii, P.

pachyrhizi, P. tecta, and Cerotelium fici (syn: P. nishidana) were col-
lected throughout the United States and supplemented with herbar-
ium specimens (Table 2). P. pachyrhizi specimens were dried in a
plant press, and voucher material was deposited in the Arthur Funga-
rium at Purdue University. Other specimens of Phakopsora and
C. fici are vouchered in the U.S. National Fungus Collections and
Louisiana State University Bernard Lowy Mycological Herbarium.
DNA of P. arthuriana, P. crotonis, P. meibomiae, P. gossypii, P.
pachyrhizi, P. tecta, and C. fici were obtained from the U.S. National
Fungus Collections (Beltsville, MD) (Aime 2006; Aime and Ross-
man, unpublished data; GenBank Accession Numbers are listed in
Supplementary Tables S2 and S3). DNA of P. pachyrhizi and other
species of Phakopsora was extracted from infected leaves using the
MoBio UltraClean Plant DNA Isolation Kit (MoBio Laboratories
Inc., Carlsbad, CA). To avoid cross-contamination, each sample
was carefully handled using new gloves and paper, and samples were
extracted with sterile tweezers and scissors. Approximately 10 to 25
individual sori with spores were excised from a single leaf per sam-
ple. The quantity of DNA was measured using a NanoDrop Spectro-
photometer ND-1000 (Thermo Scientific, Wilmington, DE.).
Evaluation of previously developed P. pachyrhizi-specific PCR
and qPCR assays. Tests for false-positive reactions. We evaluated
assays developed by Frederick et al. (2002) and Barnes et al.
(2009) for false-positive results with three replicated PCRs on

Table 1. Other species of Phakopsora found in the continental United States and Mexico

SpeciesP Syn. Genera® Host Genera Location Reference
P. antiguensis Uredo antiguensis Acalypha Mexico Buritica (1999)
P. cherimoliae P. neocherimoliae Annona, Florida, Mexico Alfieri et al. (1984), Anonymous
Jatropha (1960), Beenken (2014),
Buritica (1999)
P. coca None Erythroxylum Mexico Buritica (1999)
P. compressa Angiospora, Physopella, Puccinia  Paspalum Mexico Buritica (1999)
P. crotonis Bubakia, Melampsora, Milesia, Croton, Alaska, Arkansas, Arizona, Alfieri et al. (1984), Buritica
Pucciniastrum, Schroeteriaster, Crotonopsis California, Florida, Illinois, (1999), Cooke (1971),
Trichobasis Indiana, Louisiana, Mississippi, Cummins (1964, 1979),
Mexico, Texas, Nebraska, New Gallegos and Cummins (1981),
Mexico, Tennessee Gilbertson and McHenry
(1969), McCain et al. (1990),
Overholts (1938), Yohem
et al. (1985)
P. cumminsiana None Tripsacum Mexico Buritica (1999)
P. desmium (syn: P. Aecidium, Cerotelium, Kuehneola, Gossypium Florida Alfieri et al. (1984), Anonymous
gossypii) Malupa, Uredo (1960), Buritica (1999)
P. diehlii None Aeschynomene Mexico Gallegos and Cummins (1981)
P. jatrophicola (syn: P. Malupa, Uredo Jatropha Florida, Mexico, Texas Alfieri et al. (1984), Anonymous
arthuriana) (1960), Buritica (1999),
Gallegos and Cummins (1981),
Hennen et al. (2005)
P. lenticularis None Lasiacis Mexico Buritica (1999)
P. mexicana Bubakia, Melampsora, Croton Mexico, Texas Buritica (1999), Gallegos and
Schroeteriaster Cummins (1981)
P. mori None Morus Florida, Mexico Buritica (1999)
Cerotelium fici (syn: P. Kuehneola, Malupa, Physopella, Ficus Alabama Buritica (1999)
nishidana) Uredo
P. nova None Acalypha Mexico Buritica (1999)
P. pallescens Angiospora, Dicaseoma, Euchlaena, Florida, Mexico Buritica (1999)
Physopella, Puccinia, Uredendo, Tripsacum
Uredo
P. tecta Physopella Commelina Mexico, Texas Buritica (1999), Gallegos and
Cummins (1981)
P. zeae Angiopsora, Physopella, Uredendo Zea Mexico Buritica (1999)
P. zizyphi-vulgaris None Ziziphus Florida Alfieri et al. (1984), Anonymous

(1960), Buritica (1999),
Cummins (1962), Cummins and
Stevenson (1956)

4 Other species of Phakopsora that are found in the continental United States and Mexico that do not infect Vitaceae, based on the U.S. Department of Agricul-
ture Agricultural Research Service Fungal Database (https://nt.ars-grin.gov/fungaldatabases/) (Farr and Rossman 2018). Records on species of Phakopsora that
infect hosts in the family Vitaceae were excluded from Table 1 because they are polyphyletic compared with other species of Phakopsora (Aime 2006; Okane

and Ono 2018; Ono et al. 1992).

b Validation of species names of Phakopsora found in the continental United States and Mexico based on those found in Index Fungorum (http://www.

indexfungorum.org/).
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DNA of P. arthuriana, P. crotonis, P. meibomiae, P. gossypii, P.
pachyrhizi, P. tecta, and C. fici. P. crotonis was not tested with
the Frederick et al. (2002) assay because of a limited amount of
material.

We followed the conditions described by Frederick et al. (2002).
gqPCRs were amplified in a 25-pl reaction mixture with Ppm1 and
Ppa2 as forward and reverse primers at a concentration of 0.5 pM,
the FAM probe at a concentration of 300 nM, 1 pl of titanium
Taq, 5 pl of titanium buffer, 0.5 wl of ANTP (2 mM), 1 pl of
20 ng of template genomic DNA, and sterile water up to 25 nl.
gPCRs were run on an ABI Prism 7000 Sequence Real-Time PCR
Detection System (Applied Biosystems Inc., Foster City, CA) with
7000 ABI System Software version 1.2.3.f.2 (Applied Biosystems
Inc.). The cycling conditions were set at 94°C for 1 min, followed
by 25 cycles of amplification (94°C for 15 s, 65°C for 15 s, 72°C
for 15 s) and a final 6-min elongation step at 72°C.

The Barnes et al. (2009) assay has two stages: a preliminary PCR is
performed, which is then diluted and used as the product for a nested
qPCR. Preliminary PCRs were amplified in 25 pl with 0.5 M of pri-
mers ITS1rustF10d and ITS1rustR3d, 1 pl of titanium Taq, 5 pl of
titanium buffer, 0.5 pl of ANTPs (2 mM), 1 wl of 20 ng of template
genomic DNA, and sterile water. The cycling conditions were 95°C
for 2 min, followed by 20 cycles of amplification (95°C for 15 s,
60°C for 30 s, 72°C for 1 min), and a final 6-min elongation step
at 72°C. We reduced the number of cycles from Barnes et al.
(2009) to limit amplification of nonspecific products in later rounds
of the PCR. The nested qPCR was amplified in 25 w1 with 0.50 pM
of primers ITS1rustF4a and Ppa2, 1 pl of the probe ITS1PhpFAMI1,
1 pl of titanium Taq, 5 pl of titanium buffer, 0.5 pl of dNTPs
(2 mM), 2 pl of preliminary PCR product (diluted to 1:1, 1:10, 1:
100, or 1:1000), and sterile water. Barnes et al. (2009) only used a
diluted concentration of 1:1,000. The cycling conditions were
95°C for 2 min, followed by 20 cycles of amplification (95°C for
15s,60°C for 30 s, 72°C for 30 s), and measurement of the quencher.

We measured the identity of each diagnostic primer for P. pachyrhizi
to all species of Phakopsora with a publicly available ITS se-
quence. First, we mapped out all available specific primers and
probes for P. pachyrhizi to the ITS locus (Fig. 2). Then primer se-
quences were aligned with MAFFT version 7 to 695 single-copy
ITS sequences of P. pachyrhizi and 90 sequences from 19 other

genomic position X genomic position X+N

---------

L ATCTTGCTT...

genomic position X-N

_________

species of Phakopsora (Katoh et al. 2017; Kuraku et al. 2013). All
alignments used default MAFFT settings except for the scoring ma-
trix for nucleotide sequences, set to IPAM/k=2, as recommended for
closely related DNA sequences. Alignments were then imported into
R using the seginR 3.4-5 package (Gouy et al. 1984), and the percent
identity of a given primer to each of the 696 P. pachyrhizi as well as
90 other species of Phakopsora assessed with in-house scripts
(Fig. 3).

Tests for false-negative reactions. We tested for false negatives
caused by intraspecific variation in the ITS region for the assay de-
veloped by Barnes et al. (2009). The qPCR protocol outlined above
was used to amplify different variants of the ITS region identified and
cloned as described in the following section.

Comparison of ITS variants of P. pachyrhizi from a
global collection. /dentifying variation of ITS in the United States.
The ITS region was amplified for 29 specimens of P. pachyrhizi us-
ing primers ITSPP3 and ITSPP5 with cycling conditions of 94°C for
5 min, 35 cycles of amplification (95°C for 1 min, 58°C for 1 min,
and 72°C for 1 min), followed by an extension period of 5 min at
72°C (Freire et al. 2008). The amplified ITS product from each sam-
ple of P. pachyrhizi was cleaned with an ethanol precipitation and li-
gated into a pGEM-T vector (Promega Corporation, Madison, WI) as
instructed. Ligated PCR products were transformed in chemically
competent Escherichia coli (ATCC 25922) cells and plated on Luria
broth (LB) agar amended with ampicillin and incubated for 12 h. Col-
onies were selected from each LB agar plate based on colony size and
lack of nearby satellite colonies, streaked onto a patch plate of LB
agar with ampicillin, and stored at 4°C. Colonies were screened by
PCR with the primers ITSPP3 and ITSPPS5, and positive products
were sent to Beckman Coulter Inc. (Morrisville, NC) for sequencing
with ITSPP3 and ITSPPS primers (Freire et al. 2008). Sequences
were assembled using Sequencher version 4.1.4. (Gene Codes Corp.,
Ann Arbor, MI) and their identity was confirmed by BLAST
searches in GenBank.

Determining whether variants of P. pachyrhizi are monophyletic.
A phylogeny of P. pachyrhizi ITS variants was determined from a
maximum likelihood search on 173 single-copy ITS sequences, in-
cluding other species of Phakopsora and outgroups (Supplementary
Fig. S1). Representative ITS sequences of eight P. pachyrhizi from
GenBank and 108 from this study, 57 ITS sequences from 13 other

Genome A
Population a

genomic position X

Genome B
Population 3

Fig. 1. An example of a polymorphic multicopy gene in two different genomes. Accurate population structure analyses must consider the relative position of each gene copy and
compare copies from like genomic positions (X). A comparison of gene copies from dissimilar positions; for example, genomic position X+N to genomic position X would lead to
erroneous conclusions regarding the differentiation between populations « and @ in reference to the gene(s) under examination.



species of Phakopsora, and an outgroup, Phragmidium tormentillae
(Genbank accession DQ354553; Aime 2006), were compiled from the
National Center for Biotechnology Information (Supplementary Table
S1) and aligned using MUSCLE in Mesquite version 3.4 (Maddison
and Maddison 2008). Sequences were manually trimmed, and sequences
for which an ITS subunit was missing were removed from the analysis.
RAXML-HPC version 7.2.2 (Stamatakis 2014) searched for the best
scoring likelihood tree with 100 rapid bootstraps (command -f a)
using a GTRGAMMA model of evolution (Gatto et al. 2006).
Analysis of global ITS copy variation. ITS variation in P.
pachyrhizi was evaluated across 211 dissimilar clonal, single-
copy sequences from publicly available data sets and those
obtained in the present study. This study analyzed cloned se-
quences of the ITS region generated from this study and 757 addi-
tional cloned sequences from other studies (864 total sequences;
Barnes et al. 2009; de Jensen et al. 2013; Frederick et al. 2002; Freire
et al. 2008, 2012; Jorge et al. 2015; Silva et al. 2008; Zhang et al.
2012). Sequences from samples collected in 15 different countries
(Argentina, Australia, Brazil, China, Colombia, India, Nigeria, Par-
aguay, the Philippines, South Africa, Taiwan, Thailand, the United

States, Vietnam, and Zimbabwe) were selected to encompass
global ITS variation.

A single FASTA file of all 864 P. pachyrhizi ITS sequences was
aligned using MAFFT version 7 (using default parameters except set-
ting the scoring matrix to 1PAM/ k=2 for closely related sequences)
and imported into R version 3.4.0 using the adegenet and poppr
packages (Jombart and Ahmed 2011; Kamvar et al. 2014). Only
unique ITS copies from a given country were considered to approx-
imate the behavior of sexual population and were employed in
downstream analyses, for a total of 211 sequences (Griinwald
and Hoheisel 2006; Griinwald et al. 2003; Milgroom 1996). To in-
fer the number of genetic clusters across our global data set, and to
evaluate the utility of single-copy ITS as a predictor of population
structure in P. pachyrhizi (as proposed by Freire et al. 2008), the AK
method was used to test the rate of change in the log-probability be-
tween successive cluster sizes among genotypes (where the number
of clusters equals K; Goss et al. 2014; Supplementary Figs. S2 and
S3). An unweighted pair group method with arithmetic mean den-
drogram was then constructed from Nei’s genetic distance between
all pairs of the 211 genotypes (bootstrapping with 500 replicates)

Table 2. Locality, hosts, and date collected for species of Phakopsora that were used in this study

County/ Coordinates?
State or Municipality/

Species Strain ID Country? Parish/Province? Latitude Longitude Host Date Collected?
P. crotonis MCA 3227/  Florida St. Johns 29 86.598 N 8126.731 W  Euphorbiaceae 10 September 2006

BPI 877960
P. meibomiae JRH 314/BPI Panama Chiriqui 8 40.455 N 82 48.013 W Phaseolus multiflorus 25 November 2004

864114
P. meibomiae JRH 456/BP1  Puerto Guavate, Cayey 18 8.395 N 66 5.341 W Lablab purpureus 5 December 2004

863964 Rico
Cerotelium fici (syn: U9/BPI Puerto San Juan NA NA Fiscus sp. 30 April 2003

P. nishidana) 842289 Rico

P. pachyrhizi TAR 103 Louisiana  Lafayette 29 58.820 N 091 45.686 W Pueraria montana var. lobata 31 August 2009
P. pachyrhizi TAR 106 Louisiana NA NA NA NA NA
P. pachyrhizi TAR 122 Louisiana  Caddo/Bossier 3222829 N 09339.811 W Glycine max 16 September 2009
P. pachyrhizi TAR 129 Louisiana  Vermillion 3000.514 N 09221.131 W G. max 18 September 2009
P. pachyrhizi TAR 143 Louisiana  Pointe Coupe 3030.647 N 09130.573 W G. max 29 September 2009
P. pachyrhizi TAR 157 Louisiana  Allen NA NA G. max 27 September 2009
P. pachyrhizi TAR 158 Louisiana ~ Allen 3033.873 N 09240302 W G. max 25 September 2009
P. pachyrhizi TAR 159 Louisiana  Calcasieu 3003.585 N 093 10.750 W G. max 28 September 2009
P. pachyrhizi TAR 162 Louisiana  Union 3255921 N 092 37.547 W Pueraria montana var. lobata 1 October 2009
P. pachyrhizi TAR 163 Louisiana  Union 3254500 N 092 31.257 W  Pueraria montana var. lobata 1 October 2009
P. pachyrhizi TAR 164 Louisiana  Caldwell 3204851 N 092 01.690 W Pueraria montana var. lobata 30 September 2009
P. pachyrhizi TAR 167 Louisiana  West Baton Rouge 30 46.000 N 091 29.171 W Pueraria montana var. lobata 8 October 2009
P. pachyrhizi TAR 168 Louisiana ~ West Feliciana 3055.882 N 090 58.129 W Pueraria montana var. lobata 7 October 2009
P. pachyrhizi TAR 170 Louisiana  St. Helena 3055.829 N 090 39.603 W Pueraria montana var. lobata 7 October 2009
P. pachyrhizi TAR 172 Alabama  NA NA NA G. max 10 October 2009
P. pachyrhizi TAR 188 Georgia Berrien NA NA G. max NA
P. pachyrhizi TAR 190 Tennessee Madison NA NA G. max 12 October 2009
P. pachyrhizi TAR 224 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 2005
P. pachyrhizi PP-1 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 12 September 2017
P. pachyrhizi PP-2 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 12 September 2017
P. pachyrhizi PP-4 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 12 September 2017
P. pachyrhizi PP-5 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 12 September 2017
P. pachyrhizi PP-6 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 12 September 2017
P. pachyrhizi PP-9 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 12 September 2017
P. pachyrhizi PP-11 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 12 September 2017
P. pachyrhizi PP-12 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 12 September 2017
P. pachyrhizi PP-13 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 12 September 2017
P. pachyrhizi PP-15 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 12 September 2017
P. pachyrhizi PP-16 Louisiana  East Baton Rouge 30 36.0168 N 091 17.104 W G. max 12 September 2017
P. tecta MCA 2965/  Hawaii Big Island 1926281 N 155 18.334 W Commelina sp. 5 August 2005

BPI 871066
P. tecta JRH 476/ Puerto Adjuntas 18 8.788 N 66 43.331 W Commelina sp. 7 December 2004

BPI 863978  Rico

aLocations and dates collected for isolates of multiple species of Phakopsora reported in this study. NA = not available. BPI = Specimen collection number de-
posited in the Fungal Databases, U.S. National Fungus Collections (https://nt.ars-grin.gov/fungaldatabases/specimens/specimens.cfm).
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and from cluster assignments (K = 18) specified by the color of each
tree tip (Kamvar et al. 2014).

Intragenomic ITS copy variation. To determine the degree of ITS
polymorphism across multiple copies of P. pachyrhizi present in a
single individual, DNA was extracted under forensic conditions from
11 individual sori from 11 different soybean leaves that were col-
lected in 2017 from the Ben Hur Research Station in Baton Rouge,
Louisiana (Table 2). DNA from each sorus was extracted, amplified
with primers ITSPP5/ITS4u (Freire et al. 2008; Pfunder et al. 2001),
and reamplified with nested primers ITS1F/ITS PP3 (Freire et al.
2008; Gardes and Bruns 1993). Polymorphic sites were determined
from chromatograms analyzed with Sequencher version 4.1.4 (Gene
Codes Corp.). An example chromatogram of isolate PP2 is provided
to demonstrate the degree of polymorphisms in each 584- to 629-bp
product (Supplementary Figs. S4, S5, and S6).

Results

Specimen collection and DNA extraction. DNA was extracted,
and concentrations >20 ng were retained for downstream analysis
and stored at —80°C.

Evaluation of previously developed P. pachyrhizi-specific PCR
and qPCR assays. Tests for false-positive reactions. The Frederick
et al. (2002) assay using the Ppm1/Ppa2 primers with a FAM probe
detected 80% of P. meibomiae samples and 100% of P. pachyrhizi
samples (Table 3). The assay did not detect the other five tested spe-
cies (Table 3).

The Barnes et al. (2009) assay detected other species of Phakop-
sora (Table 3). PCR with external primers (ITS1rustF4a and Ppa2)
amplified only samples of P. pachyrhizi. However, the nested gPCR
amplified false positives for all other species tested. PCR products at
different dilutions had various positive results as shown in Table 3.

The percent match of primer and probe sequences to P. pachyrhizi
and other species of Phakopsora (publicly available on GenBank as
of August 2018) were compared, revealing a moderately high poten-
tial for false-positive detection of SBR using current diagnostic pri-
mers (Fig. 3). For example, primers and probes Ppa2, Pmel, Pme2,
Ppm1, Ppm2, FAM probe, VIC probe, ITS1rustF10d, ITS1rustR3c,
ITS1rustR3d, ITS1rustF4a, and ITSPP3 had an 80% or greater
match with several other species of Phakopsora (Fig. 3).

Tests for false-negative reactions. We tested primers used by
Barnes et al. (2009) and determined that they amplified all variants
of cloned ITS amplicons from P. pachyrhizi. Primers ITSPPS,

18S ITS1 5.85

u ITSPPS

Ppal

Primer Reference _ Primer Type _ Primer/Probe Name Sequence
Ppal 5-TAAGATCTTTGGGCAATGGT-3'
Ppa2* 5-GCAACACTCAAAATCCAACAAT-3'
a Ppa3 5-CCCATTTAATTGGCTCATTG-3'
& Ppad* S-TCAAAATCCAACAATTTCCC-3'
E Pmel S GAAGTTTTTGGGCAAATCAC-3'
e Pme2 5-GCACTCAAAATCCAACATGC-3'
B Ppml 5-GCAGAATTCAGTGAATCATCAAG-3'
= Ppm2* 5-CTCAAACAGGTGTACCTTTTGG-3'
FAM probe 5-CCAAAAGGTACACCTGTTTGAGTGTCA-3'
VIC probe 5-TGAACGCACCTTGCACCTTTTGGT-3'
5. External Primer [ITSIrustF10d S TGAACCTGCAGAAGGATCATTA-3'
g ITSIrustR3c"™ 5 TGAGAGCCTAGAGATCCATTGTTA-3'
E e External Primer |ITSrustR3d* 5-TGTGAGAGCCTAGAGATCCATTG-3'
< g Nested Primer [ITSIrustF4a 5-GAGGAAGTAAAAGTCGTAACAAGGTTTC-3'
£ 5 Nested Primer |Ppa2 nested** 5-GCAACACTCAAAATCCAACAAT-3'
2 ITSIPhpFAMI probe 5-TCATTGATTGATAAGATCTTTGGGCAATGG-3'
ol B0 ITSPPS 5-GCAACGGCACTTTACTGGCTC-3'
ITSPP3* S-GTTCAGTGGGTAGTCTCACCTGATT-3'

Ppa3 ITSrustR3c

ITS1rustF4a nested ITS1PhpFAM1 probe ITSrustR3d
ITS1rustF10d Pmel u Ppm1 Ppad

n VIC Probe Ppa2

ITS1rustF4a, ITS1rustF10d, Ppal, Pmel, Ppa4, Ppa2, and Ppme2
and probe ITS1PhpFAM1 were placed in regions containing =2
single nucleotide polymorphisms (SNPs) or indels across the diver-
sity of ITS variants of P. pachyrhizi. Primers ITSrustR3d, ITS-
rust3Rc, Ppm1, Ppm2, Ppa3, and ITSPP3 were placed in areas
with one SNP or indel across the diversity of ITS variants of P.
pachyrhizi.

Comparison of ITS variants of P. pachyrhizi from a global
collection. Identifying variation of ITS in the United States. Of
the P. pachyrhizi isolates collected from the southern United States,
18 isolates were successfully cloned to generate 108 clonal DNA
copies. These isolates were shown to have ITS variation among
themselves, representing 72 unique copies. Their sequences were
compared with a global analysis of P. pachyrhizi ITS sequences
available on GenBank (Fig. 4), revealing variation among single
copies of ITS as a poor predictor of geographic provenance.

Determining whether variants of P. pachyrhizi are monophyletic.
A maximum likelihood tree constructed from single-copy ITS se-
quences demonstrates that, despite intraspecific and intragenomic
variation, P. pachyrhizi is a monophyletic group. P. pachyrhizi is
inferred as sister to P. meibomiae within the confines of our
sampling.

Analysis of global ITS copy variation. Our observation that copies
of ITS vary within genomes of P. pachyrhizi prevents us from draw-
ing conclusions on geographic structure, as done by Freire et al.
(2008) and Jorge et al. (2015) (Fig. 4). K-means clustering of geno-
types across a global data set of ITS sequences shows that genotypes
of ITS do not cluster by geography (Fig. 4). However, no conclusions
about geographic structure can be drawn from Figure 4 because of
high ITS polymorphism both within single genomes and among dif-
ferent fungal individuals and due to unknown genomic positions of
each ITS copy (Fig. 1).

Intragenomic ITS copy variation. To confirm that observed intra-
genomic polymorphism did not stem from mixed infections from
several P. pachyrhizi spores, DNA was extracted from single sori,
which arise from a single, dikaryotic urediniospore. Intragenomic
polymorphisms in the ITS region were detected via Sanger sequenc-
ing of DNA amplified from single sori. On average, 32% (ranging
from 18 to 43% across DNA extracted from 11 individual sori) of loci
were polymorphic. There are multiple peaks in the chromatogram
found in isolate PP2, as an example of nucleotide diversity found
across all P. pachyrhizi sori used in this study.

ITS2 28S

Kl

Ppm2
FAM Probe

Ppa2 nested

Pme2

Fig. 2. Top, map of each primer and probe to ITS of Phakopsora spp. Right facing triangles label forward primers, left facing triangles label reverse primers, and diamonds label
probes. Bottom, sequences for each primer and probe. * indicates a primer that is used as an external or nested primer. ¢ indicates a reverse compliment primer sequence, as

listed. T indicates a primer that is not specific to P. pachyrhizi.



Discussion

The ITS region varies intraspecifically but also within the ge-
nomes of P. pachyrhizi. Based on sequences from 72 unique copies
of ITS from 18 isolates from the southern United States, along with
an additional 139 unique copies obtained from a global pool of 757
sequences from GenBank, it was possible to identify 211 unique

copies of the ITS region of P. pachyrhizi (of 865 sequences; Fig.
4). In addition, this study provides evidence that sori produced from
single urediniospores contain variable copies of the ITS region,
with identity among sequences varying, on average, by 32%.

As a result of variation in the ITS region, current data from single
copies of ITS prevent inferences on the global migration of P.
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Fig. 3. Nucleotide matches to aligned primers and probes of 867 Phakopsora pachyrhizi single copy ITS sequences (top), and 90 single copy ITS sequences of 19 other species
of Phakopsora (bottom). “N” is the number of sequences tested, “sp” is the number of species tested, “external” indicates primers were used as external primers, and “nested”

indicates primers were used as nested primers with the corresponding external prim
to P. pachyrhizi and not intended for detection of P. pachyrhizi.

ers. * indicates primer was used in different assays. T indicates primers are not specific

Table 3. Percentage of positive detection of other species of Phakopsora from quantitative polymerase chain reaction analysis

Publication/dilution of DNA  P. arthuriana P. crotonis P. gossypii P. meibomiae Cerotelium fici (syn: P. nishidana) P. pachyrhizi P. tecta
Number of samples examined 2 1 1 5 1 2 4
Frederick et al. (2002)?
1:1 0 NT 0 80 0 100 0
Barnes et al. (2009)?
1:1 100 100 100 100 100 100 100
1:10 0 100 100 40 100 100 25
1:100 50 100 0 20 0 100 75
1:1,000 0 0 0 20 0 100 0

2 Percentage of positive detection out of the total samples available, with a cycle threshold of 30 or below. NT = not tested.
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pachyrhizi. Comparing a randomly selected single-copy of ITS from
many variants in a single genome can lead to flawed conclusions if
the genomic position of a given copy is not considered (Fig. 1). Con-
sequently, there is little possibility of delineating the population struc-
ture of P. pachyrhizi from single-copy ITS, whose genetic dissimilarity
is exceedingly difficult to decouple from the arbitrary isolation of ITS
copies from the genome with conventional PCR and cloning protocols.

ITS offers some utility in molecular detection of SBR, although
caution should be exerted in selecting primers, and contamination
from other Phakopsora species must be considered. In this study,
previously employed diagnostic tools were evaluated for the risk of
false-negative and false-positive detection of P. pachyrhizi, by both
reproducing published protocols and testing primer specificity in sil-
ico. Primers specific to P. pachyrhizi (presented in Fig. 3) that target
binding regions with more than two SNPs are typically considered to
be at risk for false-negative detection (Cha and Thilly 1993). How-
ever, SBR-specific primers designed by Barnes et al. (2009) and
Frederick et al. (2002) that target variable ITS binding regions
resulted in successful amplification in all cases.

False-positive identification is a much greater concern when using
currently available primers intended to detect P. pachyrhizi (Fig. 3).
In particular, the primers designed by Barnes et al. (2009) are at risk
of false-positive detection for =5 species of Phakopsora and one

—
— Qe

species of Cerotelium. The Frederick et al. (2002) assay, although
less prone to false-positive detection of P. pachyrhizi, still shows po-
tential for misidentification, especially if used in aerobiological stud-
ies. The efficacy of the Frederick et al. (2002) assay to diagnose leaf
tissue infected with P. pachyrhizi is corroborated by our results. In
addition, P. meibomiae was successfully distinguished from SBR,
but only with certain primer combinations and with cycle threshold
values over 25, in accordance with the original publication (Frederick
et al. 2002). There is little need to improve the Frederick et al. (2002)
assay, especially when P. pachyrhizi and P. meibomiae are isolated
from leguminous leaf tissue. However, the inability of primers to re-
liably distinguish SBR from other Phakopsora species by both the
Barnes et al. (2009) and Frederick et al. (2002) assays highlights
the particular risk of using available primer sets on DNA extracted
from spores collected in rainwash material, rather than infected legu-
minous tissue, on which only P. pachyrhizi and P. meibomiae are
observed.

New candidates for diagnostic markers are likely to become avail-
able as a greater number of rust fungal genomes become publicly
available. However, it is critical that intraspecific and intragenomic
variability be considered in the design of new primers and probes
for P. pachyrhizi and other rust fungi. The main obstacle to the devel-
opment of new diagnostic markers is a lack of data for other DNA
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B “
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South Africa
Taiwan
Thailand
USA
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Fig. 4. An unweighted pair group method with arithmetic mean tree of 211 clonal, single-copy internal transcribed spacer (ITS) sequences from global samples of Phakopsora
pachyrhizi. Tree topology is calculated from an absolute dissimilarity matrix (pairwise Nei's genetic distance), and bootstraps are shown for values >50. Tip labels are shaded
according to principal component analysis-based k-means hierarchical clustering after removing identical sequences from each population. Outer ring shades denote the

country of origin of each ITS copy.



regions (Feau et al. 2011; McTaggart and Aime 2018; Persoons et al.
2014; Uppalapati et al. 2013; Virtudazo et al. 2001). Stockinger et al.
(2010) suggested dual or multiple loci for identification of species,
such as ITS and 28S (Groenewald et al. 2011; Stockinger et al.
2010), RNA polymerase B2, B-tublin 2, and elongation factor 1
(O’Donnell et al. 2012), or topoisomerase I and phosphoglycerate ki-
nase (Al-Hatmi et al. 2016). Essential to establishing a reliable set of
loci to identify P. pachyrhizi and other rust species will be their abil-
ity to consistently discriminate between species and show minimal
intraspecific and intragenomic variation (when multiple copies are
present within the genome).

Disease forecasting based on molecular diagnostics has the poten-
tial to mitigate crop loss in advance of disease incidence and improve
the timing of fungicide application and overall use. However, more
knowledge is needed to provide accurate, reliable, and functional pri-
mers and probes for rust fungi that avoid the risk of false-positive and
false-negative species detection.
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