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The genus Phytophthora is agriculturally and ecologically important. As the number of

Phytophthora species continues to grow, identifying isolates in this genus has become

increasingly challenging even by DNA sequencing. This study evaluated nine commonly

used genetic markers against 154 formally described and 17 provisionally named

Phytophthora species. These genetic markers were the cytochrome-c oxidase 1 (cox1),

internal transcribed spacer region (ITS), 60S ribosomal protein L10, beta-tubulin (β-tub),

elongation factor 1 alpha, enolase, heat shock protein 90, 28S ribosomal DNA, and

tigA gene fusion protein (tigA). As indicated by species distance, cox1 had the highest

genus-wide resolution, followed by ITS, tigA, and β-tub. Resolution of these four markers

also varied with (sub)clade. β-tub alone could readily identify all species in clade 1, cox1

for clade 2, and tigA for clades 7 and 8. Two or more genetic markers were required to

identify species in other clades. For PCR consistency, ITS (99% PCR success rate) and

β-tub (96%) were easier to amplify than cox1 (75%) and tigA (71%). Accordingly, it is

recommended to take a two-step approach: classifying unknown Phytophthora isolates

to clade by ITS sequences, as this marker is easy to amplify and its signature sequences

are readily available, then identifying to species by one or more of the most informative

markers for the respective (sub)clade.

Keywords: oomycetes, plant disease diagnosis, plant pathology, genetics, plant destroyers

INTRODUCTION

The genus Phytophthora currently consists of approximately 200 formal and provisional species
with many high-impact plant pathogens (Erwin and Ribeiro, 1996; Yang et al., 2017). For example,
P. infestans and P. sojae are major threats to potato and soybean production, respectively (Erwin
and Ribeiro, 1996). Phytophthora ramorum (Goheen et al., 2002; Rizzo et al., 2002, 2005) and
P. cinnamomi (Zentmyer, 1980; Shearer et al., 2004) are destructive forest pathogens causing tree
decline in the U.S. and Australia, respectively.

Identifying Phytophthora isolates to species is the first and critical step to support plant
biosecurity. This process is now done primarily by DNA sequencing. Concerted efforts have been
made to identify genetic markers and improve the accuracy of DNA sequence-based identification.
As a result, a variety of markers have been identified and utilized (Cooke et al., 2000; Martin
and Tooley, 2003; Kroon et al., 2004; Blair et al., 2008; Robideau et al., 2014). Meanwhile, many
signature sequences from ex-types (type-derived cultures) and authentic isolates (representative
isolates designated by the originators of the respective species) have been generated (Cooke et al.,
2000; Kroon et al., 2004; Blair et al., 2008; Martin et al., 2014; Yang et al., 2017), although their
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availability in public repositories depends upon species (Kang
et al., 2010). These two lines of advancement have raised several
questions of practical importance. What genetic markers are
most useful? Is their resolution dependent upon (sub)clade? How
many markers are required to identify Phytophthora isolates
within a respective (sub)clade to species?

Answers to the above and other related questions will help
identifying Phytophthora species accurately in the timeliest
fashion and at the lowest cost. To this end, Martin et al. (2012)
indicated that a set of genetic markers may be required for
the most accurate identification. These included the internal
transcribed spacer region (ITS), 60S ribosomal protein L10 (60S),
beta-tubulin (β-tub), elongation factor 1 alpha (EF-1α), enolase
(ENL), heat shock protein 90 (Hsp90), 28S ribosomal DNA (28S),
tigA gene fusion protein (tigA), cytochrome-c oxidase 1 and 2
(cox1 and cox2), subunit 9 of NADH dehydrogenase (nad9),
ribosomal protein S10 (rps10), and SecY protein (secY) coding
regions. Correspondingly, reference sequences from various
markers have been compiled for many known Phytophthora
species (Cooke et al., 2000; Kroon et al., 2004; Blair et al., 2008;
Grünwald et al., 2011; Park et al., 2013; Martin et al., 2014;
Yang et al., 2017). In separate studies, Martin et al. (2014) and
Martin and Tooley (2003) provided the average pairwise species
distances for the concatenated nuclear and mitochondrial genes,
and five mitochondrial markers, namely cox1&2, nad9, rps10,
and secY.

The objectives of this study were to evaluate nine commonly
used genetic markers against more than 170 Phytophthora
taxa and identify the most informative markers for individual
(sub)clades.

MATERIALS AND METHODS

Sequence Selection
Nine common genetic markers, namely ITS, cox1, 60S, β-tub,
EF-1α, ENL, Hsp90, 28S, and tigA, were evaluated. Sequences
of 180 Phytophthora isolates representing 154 described and 17
provisionally named species were analyzed. These included 116
ex-types and 28 authentic isolates (Table 1). Eight taxa were
represented by two or three isolates due to the lack of sequence
data for all regions of individual isolates. The majority of 60S,
β-tub, EF-1α, ENL, Hsp90, 28S, and tigA sequences originated
from two previous studies (Blair et al., 2008; Yang et al., 2017).
ITS and cox1 sequences of 90 and 79 Phytophthora species,
respectively, were downloaded from GenBank (Benson et al.,
2018). Sequences from P. sp. ohioensis (ST18-37) were obtained
from the Phytophthora Database (Park et al., 2013). Seventy-nine
and 86 isolates were sequenced for ITS and cox1, respectively in
this study as described below to fill the signature sequence gaps
in current public repositories.

DNA Extraction, Amplification, and
Sequencing
To extract genomic DNA (gDNA), a 5× 5mm agar plug was cut
from the actively growing edge of a fresh culture and transferred
to 20% clarified V8 broth. Cultures were incubated at room
temperature (c. 23◦C) for 7–14 d to produce a mycelial mass.

The mass was blotted dry on sterile tissue paper, transferred to a
garnet bead tube and lysed in a FastPrep R©-24 (MP Biomedicals,
Santa Ana, CA). gDNAwas purified using a customMaxwell R© 16
FFS nucleic acid extraction kit in combination with a Maxwell R©

Rapid Sample Concentrator (Promega, Madison, WI).
A pair of primers including the forward primer ITS6 and

reverse primer ITS4 (Cooke et al., 2000) was used to amplify the
ITS region. The cox1 fragment was amplified with the primer
pair COXF4N and COXR4N (Kroon et al., 2004). PCR reaction
mixtures were prepared with Takara Taq DNA polymerase
(Takara Shuzo, Shiga, Japan) according to the manufacturer’s
instructions. Each cox1 PCR reaction mixture contained an
additional 2-µL 25mM MgCl2 and 0.25-µL Bovine serum
albumin (BSA) per 25-µL. Thermal cycling protocols were
described previously (Cooke et al., 2000; Kroon et al., 2004).
All PCR products were evaluated for successful amplification
using agarose gel electrophoresis. Sequencing reactions were
run in both directions with the same primer pairs used for
amplification at the University of Kentucky Advanced Genetic
Technologies Center (Lexington, KY) or Eton Bioscience Inc.
(Durham, NC). Results were viewed in Finch TV version 1.4.0
(Geospiza, Seattle, WA), aligned using Clustal X (Larkin et al.,
2007), and edited manually to correct obvious sequencing errors
and code ambiguous sites according to the International Union
of Pure and Applied Chemistry (IUPAC) nucleotide ambiguity
codes to produce a consensus sequence. All sequences produced
in this study have been deposited in GenBank (Table 1).

Rates of PCR success for all nine genetic markers
were estimated by calculating the percentage of successful
amplifications over all PCR reactions performed by the authors
for each marker during the past 6 years.

Genus-Wide Distance Analyses
All nine genetic markers were analyzed for overall species
distances resolved across the genus Phytophthora. Sequence
datasets of each marker were aligned using the MUSCLE version
3.7 (Edgar, 2004) in MEGA version 7.0.26 (Kumar et al., 2016).
Alignments were manually modified when obvious errors were
present. The alignment of each marker was then trimmed to an
equal size and question marks were inserted to represent missing
data at both ends of short sequences. DNA sequence distances
were calculated using the Kimura 2-parameter (K2P) distance
model (Kimura, 1980) to explore the maximum, minimum and
mean distances across the genus.

Distance Analyses Within Individual
(Sub)Clades
Four selected markers that had relatively high mean species
distances across the genus (cox1, ITS, tigA, and β-tub)
were analyzed for distances within individual (sub)clades.
Phylogenetic (sub)clade assignments for each species were
identified according to the recent study by Yang et al.
(2017). Sequence datasets within individual (sub)clades of each
marker were aligned and edited as described above. Maximum,
minimum, and mean distances within individual (sub)clades of
each marker were calculated as described above.
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Comparison of Individual-Marker Trees
With Concatenated-Sequence Tree
Each marker tree for all four selected markers (cox1, ITS, tigA,
and β-tub) included a set of identical 150 Phytophthora taxa, plus
two outgroup taxa: Elongisporangium undulatum (basionym:
Pythium undulatum) was used as the outgroup taxon for ITS,
tigA, and β-tub, while Pythium aphanidermatum (Uzuhashi
et al., 2010) was used for the mitochondrial marker cox1. The
sequence dataset of each marker was aligned in MEGA 7 and
edited as described above. Then, the four alignments were
combined in MEGA 7 to produce a concatenated sequence
alignment. Phylogeny reconstructions including four individual-
marker trees and a concatenated-sequence tree were carried out
using bothMaximum likelihood (ML) and Neighbor joining (NJ)
methods with the K2P model and 1000 bootstrap replications in
MEGA 7. Alignments and phylogenetic trees have been deposited
in TreeBASE (S22998).

To validate the accuracy of the concatenated-sequence trees,
the clade affiliation of individual species was compared with
those presented in previous phylogenetic studies. The overall
topological scores between the concatenated-sequence trees and
individual-marker trees were calculated using Compare2Trees
version September 2011 (Nye et al., 2006).

RESULTS

PCR Consistency, Amplifications, and
Sequence Alignments
The ITS region was the easiest genetic marker to amplify
(Table 2). The rates of PCR amplification success for β-tub, 28S,
60S, Hsp90, and EF-1α were also high (>90%; Table 2). Markers
tigA, ENL, and cox1 (using primer pair COXF4N and COXR4N)
had relatively low success rates (≤80%) with the tigA being the
most difficult (Table 2).

Sequences could not be obtained from 11 taxa for 60S, 2 for
β-tub, 12 for EF-1α, 12 for ENL, 3 for Hsp90, 11 for 28S, 16
for tigA, 2 for ITS, and 6 for cox1 (Table 2). These taxa were
excluded from distance analyses of individual markers. Eleven
taxa missing any of cox1, ITS, tigA, or β-tub sequences were
also excluded in the comparison of individual-marker trees with
concatenated-sequence tree.

Sequence lengths were consistent for all markers except for
the ITS, in spite of missing data at either or both ends of
short sequences. Length of ITS sequences varied from 744
bases (P. hydrogena in cluster 9a1 of subclade 9a) to 848 bases
(P. intercalaris in clade 10).

Among the nine markers, the aligned length was the shortest
for 60S and longest for Hsp90 (Table 2). The aligned length
of concatenated sequences (cox1, ITS, tigA, and β-tub) of 150
Phytophthora taxa plus the outgroup was 4,714 bases.

Genus-Wide Distance Analyses
The mean species distance of cox1 was the highest among
the nine markers (Table 2). ITS had the highest genus-wide
resolution among the nuclear markers, followed by tigA and β-
tub (Table 2). ENL, 28S, 60S, Hsp90, and EF-1α had lower species
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TABLE 2 | PCR consistency and overall species distance across the genus Phytophthora by genetic marker.

Markera Internal primers

usedb
Aligned length

(bases)

No. of amplifications No. of speciesd Rate of PCR

success (%)c
Mean distancee Distance range

cox1 No 867 456 165 75 0.092 ± 0.0003 0–0.256

ITS No 1,039 408 169 99 0.082 ± 0.0003 0–0.182

tigA Yes 1,670 284 155 71 0.058 ± 0.0001 0–0.110

β-tub No 1,136 502 169 96 0.043 ± 0.0001 0–0.087

ENL No 1,168 345 159 80 0.035 ± 0.0001 0–0.097

28S No 1,273 323 160 97 0.035 ± 0.0002 0–0.088

60S No 496 344 160 97 0.030 ± 0.0001 0–0.085

Hsp90 Yes 1,758 330 168 95 0.024 ± 0.0001 0–0.116

EF-1α No 1,015 299 159 98 0.008 ± 0.0000 0–0.024

aMarker: cox1, cytochrome-c oxidase 1 gene; ITS, internal transcribed spacer region; 60S, 60S Ribosomal protein L10; β-tub, beta-tubulin; EF-1α, elongation factor 1 alpha; ENL,

enolase; Hsp90, heat shock protein 90; 28S, 28S ribosomal DNA; tigA, tigA gene fusion protein.
b Internal primers for sequencing tigA and Hsp90 are listed in Blair et al. (2008).
cRate of successful PCR amplification for each marker done by the authors during the past 6 years.
dNumber of species (one isolate per species) included in the sequence alignment of each marker.
eOverall species distance (mean ± standard error) calculated using the Kimura 2-parameter (K2P) distance model in MEGA 7.

distances (mean distance<0.04). EF-1α had the lowest resolution
across the genus (Table 2). Species pairs with identical sequences
(distance= 0) were found for all markers.

Distances Within Individual (Sub)Clades
Four markers including cox1, ITS, tigA, and β-tub, were selected
for distance analyses within individual (sub)clades. Species
distances (mean values and ranges) for 10 Phytophthora clades
and 20 subclades according to previously assigned numbers
(Yang et al., 2017) are listed in Table 3.

Among the four markers, tigA and cox1 had relatively
high distances within most (sub)clades. Species with identical
sequences were found in 3 clades and 2 subclades for cox1, 2
clades and 2 subclades for tigA, 5 clades, and 8 subclades for β-
tub, and 6 clades and 5 subclades for ITS (Table 3). Species pairs
with identical sequences of each marker in individual (sub)clades
are listed in Table 4.

For clade 1, there were no identical β-tub sequences, while
identical species pairs were found for the other three markers
(Table 3). No identical sequences of cox1 or tigA were found in
clades 2 and 6. All markers except for the ITS had acceptable to
high (minimum distance = 0.002–0.027) resolution within clade
3, 4, and 5. Identical ITS sequences were found in clade 5. Almost
identical ITS sequences (distance ≤0.001) were found in clades
3 and 4. tigA was the only marker of unambiguity for clade 8,
although almost identical tigA sequences were present in that
clade (Table 3). No identical sequences of cox1 or ITS were found
in clade 9. All markers provided high resolution among clade-10
species.

Comparison of Individual-Marker Trees
With Concatenated-Sequence Tree
The resulted clade assignments and clade affiliation of individual
species (Table 1) based on the concatenated-sequence tree
(TreeBASE S22998) were nearly identical to those generated in
previous phylogenetic studies (Blair et al., 2008; Martin et al.,

2014; Yang et al., 2017) except that the placement of P. quercina
was ambiguous.

All trees from sequences of the three nuclear markers
had similar topologies (score = 75.3–81.7%) to those of the
concatenated-sequences trees in both ML and NJ analyses. In
contrast, cox1 sequences produced trees of distinct topologies
(TreeBASE S22998). The overall topological similarities to the
concatenated-sequences trees were approximately 45% lower
than those of nuclear markers in both analyses (Table 5).

DISCUSSION

This study identified four most informative genetic markers for
identifying Phytophthora species: cox1, ITS, tigA, and β-tub. The
resolution of each marker depended on (sub)clade. These results
along with the signature sequences generated by Cooke et al.
(2000), Kroon et al. (2004), Blair et al. (2008), Martin et al. (2014),
and Yang et al. (2017) enable first responders, diagnosticians, and
researchers to identify Phytophthora isolates with confidence at
minimal cost in the briefest time possible.

ITS
Using the ITS sequence to identify Phytophthora isolates
has several advantages. First, the ITS region has the most
comprehensive sequence database when compared to other
markers. As this marker has been proposed as the barcode
for fungi and oomycetes (Seifert, 2009) and later designated
as the barcode for all fungi (Schoch et al., 2012), almost all
known Phytophthora taxa have been sequenced for the ITS
region. Subsequently, sequencing the ITS region of unknown
Phytophthora isolates has become a common practice in research
labs and plant disease clinics. Second, the ITS region amplified
by the primer pair ITS6/ITS4 has the best universality across the
genus and the highest PCR consistency amongmarkers evaluated
in this study (Table 1). Third, the clade affiliations of individual
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TABLE 4 | Species pairs with identical sequences for four genetic markers.

(Sub)clade Spp. pairs ITS tigA β-tub cox1

1c P. andina P. infestans x x

P. andina P. mirabilis x

P. infestans P. mirabilis x

1 P. iranica P. infestans x

2a P. occultans P. terminalis x

2b P. capsici P. mexicana x

5 P. agathidicida P. castaneae x

6a P. kwongonina P. rosacearum x

6b P. chlamydospora P. gonapodyides x

7a P. alni P. × incrassata x

P. alni P. × multiformis x x x

P. europaea P. flexuosa x

P. fragariae P. rubi x

P. uniformis P. alni x

P. uniformis P. × incrassata x

P. uniformis P. × multiformis x

P. × incrassata P. × multiformis x

8a P. cryptogea P. erythroseptica x x x

8b P. lactucae P. pseudolactucae x

P. primulae P. taxon parsley x x

9a1 P. hydropathica P. parsiana x

P. hydropathica P. virginiana x

P. hydropathica P. aff. parsiana G1 x x

P. hydropathica P. aff. parsiana G2 x

P. hydropathica P. aff. parsiana G3 x

P. parsiana P. virginiana x

P. parsiana P. aff. parsiana G1 x

P. parsiana P. aff. parsiana G2 x

P. parsiana P. aff. parsiana G3 x

P. virginiana P. aff. parsiana G1 x

P. virginiana P. aff. parsiana G2 x

P. virginiana P. aff. parsiana G3 x

P. aff. parsiana G1 P. aff. parsiana G2 x

P. aff. parsiana G1 P. aff. parsiana G3 x

P. aff. parsiana G2 P. aff. parsiana G3 x

9a2 P.macrochlamydospora

-G2

P. quininea x

species based on the ITS sequences mostly accord with those
based on multilocus sequence data (Table 5).

Despite the above merits, ITS alone is not sufficient to
identify all Phytophthora isolates to the species level. Identical ITS
sequences have been observed in 16 pairs of species in clades 1,
and 5–8, more than any of tigA, β-tub, and cox1 (Table 4). These
identical and other almost identical ITS sequences (distance
≤0.001 or difference between sequences ≤10 bases) were found
in clades 1–9, while those for tigA, β-tub, and cox1 only
occurred in 4, 5, and 4 clades, respectively (Table 3). This result
indicates that it is important to use additional markers to identify
Phytophthora isolates in all clades, perhaps with the exception of
clade 10.

TABLE 5 | Similarity of individual-marker trees to concatenated-sequence tree.

Marker Overall topological scorea

Maximum likelihood Neighbor joining

cox1 36.6 37.1

ITS 81.0 77.9

tigA 78.4 81.7

β-tub 75.3 79.2

aScores were calculated using Compare2Trees.

Due to its high universality, availability, and PCR consistency,
the ITS region is an ideal first genetic marker for identifying
Phytophthora isolates to clade.

cox1 Amplified by the Primer Pair
COXF4N/COXR4N
The cox1 has the highest genus-wide resolution among the
evaluated markers (Table 2). Only three species pairs with
identical cox1 sequences were found (Table 4). However, using
cox1 alone for identifying Phytophthora isolates presents a few
problems. First, cox1 had the second lowest PCR success rate
(Table 2). In cases, adjusting MgCl2 and BSA concentrations,
and annealing temperature were required for a successful
amplification. However, it is important to note that the presented
PCR success rates (Table 2) were calculated based on all PCR
amplifications done by the two authors in the past 6 years,
while many other factors could influence the PCR success
rate, such as the quality of DNA templates and primers, and
different PCR operators and thermocyclers. Second, (sub)clade-
classification solely by cox1 may conflict with those assigned
by multi-locus analyses (Table 5). Thus, using cox1 alone may
lead to misidentification of unknown Phytophthora isolates at
the (sub)clade-level. Third, due to the uniparental inheritance of
mitochondria, it is impossible to separate a hybrid Phytophthora
species from its maternal parent based on the cox1 sequence.
This is increasingly important as Phytophthora hybrids have been
commonly found in many ecosystems (Nirenberg et al., 2009;
Man in’t Veld et al., 2012; Nagel et al., 2013; Yang et al., 2014;
Husson et al., 2015; Jung et al., 2017). This problem not only
occurs for cox1, but also for other mitochondrial markers that
were not evaluated in this study.

tigA
The tigA has moderately high genus-wide resolution (Table 1).
High similarity in topology between the tigA tree and the
multi-locus tree (Table 5) makes this marker useful in assigning
Phytophthora isolates to (sub)clades. Additionally, it had
excellent resolution within most individual (sub)clades. Species
with identical tigA sequences were found only in subclades 1c and
9a1 (Table 3). However, this marker has the lowest PCR success
rate of 71%. In addition, internal primers were usually required
for sequencing (Table 1), which increases the cost. Both factors
potentially compromise the usefulness of the tigAmarker.
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β-tub
The marker β-tub had the fourth highest genus-wide resolution.
High similarity in topology between the β-tub tree and the
multi-locus tree (Table 5) makes this marker also useful for
assigning Phytophthora taxa to (sub)clades. Like ITS, β-tub is
easy to amplify (Table 2), which further adds to its usefulness.
However, 22 species pairs in clades 2, and 6–9 have identical β-
tub sequences (Table 3). Thus, β-tub does not have the resolution
required for identifying Phytophthora isolates to species in these
clades.

CONCLUSIONS

Among the nine genetic markers evaluated in this study, cox1,
ITS, tigA, and β-tub were the most informative for the genus
Phytophthora. Both ITS and β-tub were easy to amplify but had
limited species distance within some (sub)clades. Comparatively,
cox1 and tigA had high resolution within most (sub)clades
but they were relatively difficult to amplify. In addition, cox1
was not useful for assigning species to (sub)clades nor for
identifying hybrid taxa. Taken together, a two-step approach
is recommended: identifying unknown Phytophthora isolates
to clade level with ITS sequences then to species level with

one or more additional markers (Table 3). For example, β-
tub can be used to readily identify all species in clade 1,
cox1 for clade 2, and tigA for clades 7 and 8 (Table 3).These
recommendations along with available signature sequences
enable first responders, diagnosticians, and researchers to identify
Phytophthora isolates with confidence at reduced time and
cost.
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