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Abstract

In the 2017 strawberry season, several transplant losses reaching 50%
were observed in Zamora, Michoacán Valley, Mexico, due to a new fun-
gal disease associated with root rot, crown rot, and leaf spot. In this year
the disease appeared consistently and increased in the following seasons,
becoming a concern among strawberry growers. Thus, the aim of this re-
search was to determine the etiology of the disease and to determine the
in vitro effect of fungicides on mycelial growth of the pathogen. Fungal
isolates were obtained from symptomatic strawberry plants of the culti-
vars ‘Albion’ and ‘Festival’ and were processed to obtain monoconidial
isolates. Detailed morphological analysis was conducted. Concatenated
phylogenetic reconstruction was conducted by amplifying and sequencing

the translation elongation factor 1 a, b-tubulin partial gene, and the inter-
nal transcribed spacer region of rDNA. Pathogenicity tests involving in-
oculation of leaves and crowns reproduced the same symptoms as those
observed in the field, fulfilling Koch’s postulates. Morphology and phy-
logenetic reconstruction indicated that the causal agent of the described
symptoms was Neopestalotiopsis rosae, marking the first report any-
where in the world of this species infecting strawberry. N. rosaewas sen-
sitive to cyprodinil + fludioxonil, captan, iprodione, difenoconazole, and
prochloraz.
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During the strawberry (Fragaria × ananassa Duch.) production sea-

son, between February and April 2017, severe wilting symptoms that

began with slight yellowing of the outer leaves, progressing toward

the central leaves until the plants collapsed, were observed on the culti-

vars ‘Albion’ and ‘Festival’. Close inspection of the split crowns showed

irregular areas of a reddish color, sometimes with dark brown edges,

which began at the margin of the crown (Fig. 1).

In the 2018 to 2019 production season, from August to November,

leaves of strawberry transplants of the same varieties showed small

spots, dark brown in color, of approximately 1mm, which progressed

concentrically. These leaf spots spread to more extensive areas,

resulting in severe leaf blight. On petioles, sunken dark brown lesions

were also observed, which progressed toward the base of the petiole,

reaching the crown and causing leaf wilting. Roots of symptomatic

plants were dark brown in color. The crowns showed irregular red-

dened areas with dark brown edges, similar to the features described

in the previous season. Overall, the diseased plants showed reduced

growth and died approximately 1 month after transplanting. The

symptoms described were observed with higher intensity in straw-

berry plantations established in open fields and exposed to rain than

in those plantations established in high tunnels with temperatures be-

tween 23 and 27°C. In this production system, it was observed that

most of the transplant losses occurred in crop beds that were exposed

to rain, suggesting that the disease is associated with the presence of

rain and long periods of leaf wetness and that the causal agent(s) may

be splash-dispersed. In the crop cycle of 2019 to 2020, the disease

was again observed from the beginning of July 2019 in newly estab-

lished transplants, showing the previously described symptoms

under the same weather conditions in the cultivars ‘Festival’, ‘For-

tuna’, ‘Frontera’, ‘Rociera’, ‘Cabrillo’, and ‘Albion.’ In the last 2

seasons, strawberry producers indicated that the losses were esti-

mated at between 40 and 50% of established transplants, but there

is no information regarding the source of the primary infections. In

Mexico, strawberry production is based on plants imported from

other countries, such as the United States, Chile, and Spain. Similar

symptoms to those described here have been recently associated

with Pestalotiopsis (Neopestalotiopsis sp.) and Neopestalotiopsis

clavispora in Italy (Gilardi et al. 2019), Mexico (Morales-Mora

et al. 2019), Spain (Chamorro et al. 2016), the United States

(Mertely et al. 2019), and Uruguay (Machı́n et al. 2019). Therefore,

the aims of this study were to determine the causal agent of straw-

berry leaf spot, blight, and crown rot in Mexico and to evaluate the

in vitro activity of commonly used fungicides in strawberry produc-

tion against this pathogen.

In September 2018, five commercial plots were sampled in the

municipalities of Zamora and Jacona, Michoacán, and 10 plants

were selected per plot with the symptoms previously described.

Sections of 0.5 cm corresponding to the crown tissue, leaves,

and symptomatic petioles were disinfested with 2% sodium hypo-

chlorite for 2 min and rinsed three times with sterile distilled water.

The tissue portions were placed in a laminar flow hood to remove

excess moisture and then placed in Petri dishes with potato dex-

trose agar (PDA) medium (Bioxon). Finally, the plates were incu-

bated at laboratory temperature (22 ± 2°C). Additionally,

symptomatic foliar tissues, petioles, crowns, and runners were

placed in a humid chamber and incubated under the same condi-

tions to promote fungal sporulation. The colonies that grew from

the different plant tissues were purified and incubated until the for-

mation of conidia.
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Fig. 1. Field symptoms development associated with Neopestalotiopsis rosae: A, commercial field with strawberry plants showing plant collapse associated with crown rot
symptoms; B, typical symptoms on strawberry leaves; C, close-up of leaf spot showing acervuli with conidia; D, disease symptoms on leaf petioles; E, root rot; F, crown rot
symptoms; and G, typical symptoms on strawberry fruits.

Fig. 2. Neopestalotiopsis rosae: A, acervuli on strawberry roots formed in a moist chamber; B, close-up of acervuli of N. rosae; C, culture characteristics; and D and E, conidia of N.
rosae formed on PDA medium.
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Neopestalotiopsis sp. was preliminarily identified from leaves,

petioles, runners, roots, and crowns based on the characteristics de-

scribed by Maharachchikumbura et al. (2014). From these isolates,

10 monoconidial isolates were obtained after 10 days of incuba-

tion on a laboratory bench. An isolate from leaves designated

CRM-FRH and one from the strawberry crown called CRM-FRC

were selected. On PDA medium, these isolates produced a cottony

white mycelium with abundant dark-colored acervuli, with the pres-

ence of conidia 10 days after plating. The acervuli produced five-

celled fusiform to ellipsoidal conidia, with the three central cells

being dark in color and the basal cells being hyaline. Fifty conidia

of each isolate were measured at 40× magnification using a Carl

Zeiss microscope (Primo Star Model, Germany). The conidia of

the CRM-FRH isolate measured (n = 100; length × width) 22.34 to

34.12 × 6.0 to 11.07 mm (average 27.29 × 8.33 mm), and the

CRM-FRC varied from 20.6 to 33.5 × 5.32 to 8.76 mm (average

26.43 × 7.08 mm). The conidia presented mostly three and less

frequently four apical appendages (Fig. 2).

DNA extraction was carried out for the CRM-FRH and CRM-FRC

strains using the cetyl trimethylammonium bromide 2% protocol

(Doyle and Doyle 1990) with slight modifications. Polymerase chain

reaction amplifications of the translation elongation factor 1 a (tef1),

b-tubulin (tub2) partial gene, and the internal transcribed spacer

(ITS) region were carried out with the EF-1 + EF-2 (O’Donnell

et al. 1998), T1 + Tb2t (O’Donnell and Cigelnik 1997; Glass and

Donaldson 1995), and ITS5 + ITS4 (White et al. 1990) primers, re-

spectively. Amplicons were cleaned using ExoSAP-IT (Affymetrix,

U.S.A.) and sequenced in both directions at the Postgraduate College

sequencing facility (Texcoco, Mexico) according to the method of

Juárez-Vázquez et al. (2019).

Consensus sequences were created with BioEdit version 5.0.9

(Hall 1999). Alignments were performed using MAFFT online ser-

vice (https://mafft.cbrc.jp/alignment/server/). Maximum likelihood

(ML) and Bayesian inference (BI) procedures were implemented

using the raxmlGUI (Silvestro and Michalak 2012) and MrBayes

(Ronquist et al. 2012) software, respectively. In the first phyloge-

netic reconstruction using only BI, sequences belonging to the

ITS region of some Pestalotiopsis, Pseudopestalotiopsis, and Neo-

pestalotiopsis species were included, with the aim of assigning the

strains obtained in this study to genera. In the second reconstruc-

tion, phylogenetic analysis was performed for the genus Neopesta-

lotiopsis, including all strains reported on Fragariaworldwide. For

ML procedures, a rapid bootstrapping analysis with 1,000 repeti-

tions was carried out, and the GTR + G nucleotide substitution

model was considered in the analysis. For BI, two parallel analyses

with four Markov chain Monte Carlo algorithms were performed,

the analyses were stopped until reaching a standard deviation of

split frequencies (SDSF) < 0.01, and trees were sampled every

1,000 iterations. Substitution models were previously selected us-

ing jModelTest software (Darriba et al. 2012) and implemented

Table 1. Characteristics of species and strains of Pestalotiopsis, Pseudopestalotiopsis, and Neopestalotiopsis, including GenBank accession numbers, used for
phylogenetic reconstruction. The strains and sequences obtained in this research are in bold.

Species Straina Country Host

GenBank accessionsb

ITS tub2 tef1

N. australis CBS 114159* Australia Telopea sp. KM199348 KM199432 KM199537

N. clavispora MFLUCC 12-0281* China Magnolia sp. JX398979 JX399014 JX399045

TOR-802-803-804 Spain Fragaria × ananassa KU096879 KU096880 KU096881

N. cubana CBS 600.96 Cuba Leaf litter KM199347 KM199438 KM199521

N. ellipsospora MFLUCC 12-0282* China Dead plant materials JX398980 JX399016 JX399047

MFLUCC 12-0284 Thailand Dead plant materials JX398981 JX399015 JX399046

N. eucalypticola CBS 264.37* … Eucalyptus globulus KM199376 KM199431 KM199551

N. foedans CGMCC 3.9123* China Mangrove plant JX398987 JX399022 JX399053

CGMCC 3.9178 China Neodypsis decaryi JX398989 JX399024 JX399055

N. formicarum CBS 362.72* Ghana Dead Formicidae KM199358 KM199455 KM199517

CBS 115.83 Cuba Plant debris KM199344 KM199444 KM199519

N. honoluluana CBS 114495* U.S.A. Telopea sp. KM199364 KM199457 KM199548

N. iranensis CBS 137768* Iran Fragaria × ananassa KM074048 KM074057 KM074051

N. javaensis CBS 257.31* Indonesia Cocos nucifera KM199357 KM199437 KM199543

N. mesopotamica CBS 336.86* Iraq Pinus brutia KM199362 KM199441 KM199555

CBS 299.74 Turkey Eucalyptus sp. KM199361 KM199435 KM199541

CBS 137766 Iran Fragaria × ananassa KM074047 KM074058 KM074054

N. piceana CBS 394.48* UK Picea sp. KM199368 KM199453 KM199527

CBS 254.32 Indonesia Cocos nucifera KM199372 KM199452 KM199529

CBS 225.30 … Mangifera indica KM199371 KM199451 KM199535

N. rosae CBS 101057* New Zealand Rosa sp. KM199359 KM199429 KM199523

CBS 124747 U.S.A. Paeonia suffruticosa KM199360 KM199430 KM199524

CRM-FRC Mexico Fragaria 3 ananassa MN385718 MN268529 MN268532

CRM-FRH Mexico Fragaria 3 ananassa MN385719 MN268530 MN268533

CRM-FRC2 Mexico Fragaria 3 ananassa MN385720 MN268531 MN268534

N. saprophytica CBS 115452* China Litsea rotundifolia KM199345 KM199433 KM199538

N. steyaertii IMI 192475* Australia Eucalyptus viminalis KF582796 KF582794 KF582792

N. zimbabwana CBS 111495* Zimbabwe Leucospermum cuneiforme JX556231 KM199456 KM199545

Neopestalotiopsis sp. CBS 323.76 France Erica gracilis KM199350 KM199458 KM199550

CBS 266.37 Germany Erica sp. KM199349 KM199459 KM199547

CBS 119.75 India Achras sapota KM199356 KM199439 KM199531

CBS 266.80 India Vitis vinifera KM199352 … KM199532

CBS 361.61 Netherlands Cissus sp. KM199355 KM199460 KM199549

CBS 360.61 Guinea Cinchona sp. KM199346 KM199440 KM199522

CBS 164.42 France Dune sand KM199367 KM199434 KM199520

Pseudopestalotiopsis indica CBS 459.78* India Hibiscus rosa-sinensis KM199381 KM199470 KM199560

a Asterisk (*) indicates ex-holotype or ex-type culture.
b ITS = internal transcribed spacer; tub2 = b-tubulin; and tef1 = translation elongation factor 1 a.
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in BI. The first 25% of trees generated were discarded as the burn-in

phase, and the posterior probability (PP) was calculated with the

remaining trees. The trees were visualized and edited in FigTree

version 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/), and the se-

quences obtained in this study (Table 1) were deposited in the Gen-

Bank database (https://www.ncbi.nlm.nih.gov/genbank/).

The phylogenetic analysis of the ITS region consisted of 45 se-

quences and 573 characters, including gaps. Sordaria tomento-

alba CBS 260.70 was used as the outgroup. In this analysis,

1,000,000 iterations were run with the Hasegawa–Kishono–Yano

model implemented, generating 1,002 trees, of which 752 were

used to calculate the PPs. The phylogeny of the ITS region pre-

cisely delimited the three genera proposed by Maharachchikum-

bura et al. (2014). The strains obtained in this study were

grouped with the clade Neopestalotiopsis; however, it was not pos-

sible to distinguish between the species N. rosae, N. clavispora,

N. javaensis, and Neopestalotiopsis sp. (Fig. 3). In addition, Pes-

talotiopsis sp. (MK713562), reported in Mexico causing leaf spot

and strawberry anthracnose (Morales-Mora et al. 2019), grouped

in the clade of Neopestalotiopsis. N. clavispora has been reported

in several countries in association with crown rot symptoms. How-

ever, most isolates were identified by BLAST analysis of the ITS

region (Gilardi et al. 2019; Obregón et al. 2018), which cannot de-

limit various species of Neopestalotiopsis. The multilocus analysis

(tef1, tub2, ITS) consisted of 36 sequences and 2,002 characters;

600,000 iterations were run (SDSF = 0.008904), with the GTR +

G model for tub2 and tef1, and GTR + I model for the ITS, gener-

ating 1,202 trees, of which 902 were used to calculate the PPs. The

strains generated in this study were grouped with the ex-type cul-

ture N. rosae CBS 101057 with support of 0.61/91 with PP and

bootstrap (BS), respectively (PP/BS) (Fig. 4). N. clavispora was

previously reported to cause root and crown rot in Spain and

Fig. 3. Bayesian phylogenetic tree reconstructed with species of Neopestalotiopsis, Pseudopestalotiopsis, and Pestalotiopsis genera using the internal transcribed spacer region
sequences. Strains in blue (light in print) letters were obtained in this study. Posterior probabilities are indicated in the nodes. Sordaria tomento-alba CBS 260.78 sequence was
used as outgroup. Scale bar indicates the expected substitutions per site.
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was not grouped with the ex-epitype culture but with N. foedans

with a 0.98/58 support (PP/BS). Therefore, N. mesopotamica, N.

iranensis, and N. foedans have been reported from strawberry

(Ayoubi and Soleimani 2016; Chamorro et al. 2016), and for the

first time in the world, N. rosae is also reported from strawberry

in this study. In addition, Pseudopestalotiopsis vietnamensis was

isolated from asymptomatic strawberry leaves in Vietnam with

no evidence of pathogenicity (Nozawa et al. 2017).

The pathogenicity tests were conducted with the CRM-FRH and

CRM-FRC strains. The inoculum was increased in 250-ml flasks

containing rice seeds previously sterilized twice at 15 lb for 18 min

and incubated for 2 weeks at 23 ± 2°C. Four-month-old strawberry

plug plants of cultivar ‘Sayulita’ from a commercial nursery (Planasa

S.A. de C.V.) were transplanted into 25 × 25-cm plastic bags

containing Canadian sphagnum peat moss (Sun Gro Horticulture,

Canada). Leaves and crowns were inoculated separately with their

corresponding isolates in two different experiments, consisting of

groups of 10 plants and the same number for the noninoculated con-

trol. In the first experiment, fully expanded leaves were sprayed with

2 ml of 106 conidia/ml suspension with 0.05% Tween 20. Inoculated

plants were covered with transparent plastic bags for 3 days to favor

high relative humidity and kept in greenhouse conditions at 25 ± 2°C.

A similar number of plants were inoculated with sterile distilled wa-

ter as a control. This test was performed twice.

In the second experiment, an equal number of plantswere inoculated

by making incisions at the base of the crowns with a sterile needle, and

then, 10 ml of a 106 conidia/ml suspension was added to the crowns

(Van Hemelrijck et al. 2017). Another group of 10 plants was used

as a control by adding only an equal amount of sterile distilled water.

Before inoculation, plants were irrigated to field capacity with tap

water.

Leaves of the inoculated plants with the CRM-FRH isolate devel-

oped small necrotic spots of approximately 1 to 2 mm 3 days after

inoculation. These lesions gradually progressed until they developed

into larger spots 10 mm in diameter, frequently in a concentric pat-

tern, 10 days after inoculation. Petiole symptoms first appeared as

small black spots that developed 10 days later into sunken black le-

sions until the leaf wilted because of petiole girdling (Fig. 1). These

symptoms were similar to those observed in the field. In crown inoc-

ulation, the symptoms showed first as overall stunting and a slight

Fig. 4. Bayesian phylogenetic tree of Neopestalotiopsis species reconstructed using concatenated datasets of the internal transcribed spacer region, partial b-tubulin, and
translation elongation factor 1 a gene sequences. Strains in blue (light in print) letters represent species of Neopestalotiopsis reported in Fragaria around the world, in which
sequences from Mexico obtained in this study belong to N. rosae. Sequences of ex-types are indicated with an asterisk. Posterior probabilities and bootstrap support values
(PP/BS) are indicated in the nodes. Pseudopestalotiopsis indica CBS 459.78 sequence was used as an outgroup. Scale bar indicates the expected substitutions per site.
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yellowing of the outer leaves, which soon collapsed. This pattern

continued toward the inner leaves, ending in plant collapse 2 to

3 months after inoculation. Part of the roots of diseased plants were

brown to black, whereas others remained white. When split open,

crowns showed reddish-brown color, intertwined with pearly areas

with a dark edge, similar to those observed in the field.

To determine the in vitro effect of commonly used fungicides in

strawberries, the CRM-FRH and CRM-FRC isolates of N. rosae

were used. Commercial formulations and label-recommended field

rates of the fungicides azoxystrobin (375 mg/liter) as Amistar (Syn-

genta, Mexico), fluxapyroxad + pyraclostrobin (312.5 + 312.5 mg/

liter) as Merivon (BASF Agro Mexico), boscalid + pyraclostrobin

(504 + 256 mg/liter) as Cabrio (BASF Agro), captan (1,250 mg/

liter) as Captan 50 (ADAMA, Mexico), iprodione (1,875 mg/liter)

as Rovral (FMC Mexico), fludioxonil + cyprodinil (937 + 625 mg/

liter) as Switch (Syngenta, S.A. de C.V.), prochloraz (781 mg/liter)

as Sportak (FMC, Mexico), and difenoconazole (312.5 mg/liter) as

Score (Syngenta Mexico) were used. The rates tested in vitro were

determined based on a volume of 400 liters/ha of water application

in the field. The corresponding amount of fungicide was diluted in

sterile distilled water, added to 9-mm Petri dishes with PDA culture

medium previously cooled to 55°C, and then incubated at laboratory

conditions (23 ± 2°C). For the quinone outside inhibitor fungicides,

100 mg/liter of salicylhydroxamic acid (Sigma-Aldrich) was added

to the growth medium (Wise et al. 2008). Five repetitions (plates)

were considered for each fungicide. A completely randomized design

was used in this experiment.

After the PDA medium solidified, a 5-mm agar plug was obtained

from the marginal area of cultures and placed in the center of the plate

and incubated on a laboratory bench at room temperature. The same

number of Petri dishes was used as a control without fungicide for

each of the products. Seven days later, when the mycelium covered

the Petri dishes in the control plates, the radial growth of the fungus

was measured in two perpendicular directions, and the average of

both measurements was obtained. The experiment was performed

twice, and the repetition was considered in the data analysis as a ran-

dom effect. With the mycelial growth data, an analysis of variance

and mean comparison were performed using Proc Glimmix in the

SAS system (SAS version 9.4) and a least significant difference mean

comparison test (a = 0.05). The results indicated that there was a sig-

nificant interaction between isolates and treatments (isolate × fungi-

cide: F = 17.99, P < 0.001) in the inhibition of mycelial growth

variable. Overall, the leaf isolate tended to grow significantly more

in the presence of fungicides containing azoxystrobin and pyraclos-

trobin than in the presence of the other fungicides compared with the

crown rot isolate. The inhibition of mycelial growth (%) in the crown

isolate was as follows: azoxystrobin (79.4 ± 0.36), captan (100 ±

0.36), fluxapyroxad + pyraclostrobin (84.85 ± 0.36), pyraclostrobin

+ boscalid (81.47 ± 0.36), iprodione (100 ± 0.36), difenoconazole

(100 ± 0.36), prochloraz (100 ± 0.36), and cyprodinil + fludioxonil

(100 ± 0.36). For the leaf isolate, the inhibition of mycelial growth

with the same fungicides was as follows: azoxystrobin (85.0 ±

0.36), captan (100 ± 0.36), fluxapyroxad + pyraclostrobin (87.50

± 0.36), pyraclostrobin + boscalid (85.29 ± 0.36), iprodione (100 ±

0.36), difenoconazole (100 ± 0.36), prochloraz (100 ± 0.36), and

cyprodinil + fludioxonil (100 ± 0.36).

In conclusion, the results indicated that the causal agent of the root

rot, crown rot, and leaf spot of strawberry transplants in Mexico was

N. rosae. This investigation is the first report of this pathogen asso-

ciated with strawberry in Mexico and worldwide. In vitro tests indi-

cated that the pathogen was sensitive to the fungicides captan,

fludioxonil + cyprodinil, difenoconazole, and iprodione. Because

of the dynamics of plant material importation (mother plants and

transplants) every season, there is no information regarding the

source of the primary infections. Given the impact of the disease,

the results will be used to conduct a more extensive study at the re-

gional level and to take action to contribute to the implementation

of an integrated disease management strategy based on the

determination of the sources of primary inoculum and the disease

epidemiology.
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