
Association between chemical properties of vineyard soils
and occurrence of entomopathogenic fungi causing different
levels of mortality in Planococcus ficus

Siphokazi Moloinyane . Pia Addison . Kwaku A. Achiano . Felix Nchu

Received: 3 January 2019 / Accepted: 12 December 2019 / Published online: 2 January 2020

� International Organization for Biological Control (IOBC) 2020

Abstract Global demand for environmentally

friendly grapevine cultivation and pest control has

necessitated an improved understanding of the rela-

tionship between soil properties and beneficial, natu-

rally occurring antagonists such as entomopathogenic

fungi (EPF). Sixty six soil samples were collected

from 22 vineyards in the Western Cape, South Africa.

The association between soil nutrient status and EPF

prevalence was examined. Fungi were isolated with

methods of insect baiting and selective media. In

addition, fungal isolates were tested against a key

grapevine pest, Planococcus ficus (Signoret)

(Hemiptera: Pseudococcidae). Pathogenicity of fungal

strains against P. ficus was assessed with an immersion

bioassay at a concentration of 1 9 108 conidia ml–1.

Twenty-three fungal strains were isolated and corre-

spondence analysis of data indicated a positive

association between EPF (Metarhizium robertsii

(Hypocreales: Clavicipitaceae) and Clonostachys

rosea f. catenulata [Hypocreales: Bionectriaceae])

occurrence and optimum to high levels of soil-based

macronutrients (C, N and Ca). Logistic regression

revealed that K was positively correlated with M.

robertsii (estimate = 0.03 ± 0.01; P\ 0.05; odds

ratio = 1.03). Strains of Beauvaria bassiana

(Hypocreales: Cordycipitaceae) caused the highest

mortalities (77.0 ± 2.0% to 87.0 ± 3.0%). This study

showed that some soil nutrient properties corre-

sponded to greater occurrence of EPF in grapevine

soils.

Keywords Biological control � Entomopathogenic

fungi � Grapevine � vine mealybug � Soil nutrient

content

Introduction

Conventional control of arthropod pests in agricultural

production, including vineyards, has depended on

synthetic chemicals, which have been liable contrib-

utors to environmental degradation (Gaskin et al.
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2002; Huber et al. 2000). This has necessitated the

quest for alternative and more environmentally benign

control strategies, which has led to recognition of

biological control agents such as entomopathogenic

fungi, EPF (Epstein and Bassein 2003; Fernandez-

Cornejo 1998; Strasser et al. 2000). EPF are generally

ubiquitous (Goettel 1984). However, farming systems

influence fungal species distribution (Chandler et al.

1997; Goble 2009). For example, Goble (2009)

recovered significantly more isolates of the EPFs B.

bassiana (Hypocreales: Cordycipitaceae) from organ-

ically farmed soils than conventionally farmed soils of

citrus orchards in the Eastern Cape Province of South

Africa. Farming activities, such as grapevine cultiva-

tion, disrupt natural biotic and abiotic conditions,

causing ecological disequilibrium, which can affect

insect occurrences as well as those of their natural

enemies, including EPF (Bruck 2010; Crous et al.

2017; Pell et al. 2010).

Rhizospheric soil EPF can influence plant perfor-

mance and nutrient cycling and may be used in agro-

ecological systems to improve crop production (Bruck

2009; Raya-Dáaz et al. 2017). However, the abun-

dance of soil microorganisms is affected by soil

nutrient content in space and time (Koorem et al.

2014). For example, Koorem et al. (2014) observed

that abundance of arbuscular mycorrhizal fungi was

negatively related to soil phosphorus and positively

influenced by soil nitrogen content. Studies such as

those by Klingen et al. (2002) and Quesada-Moraga

et al. (2007) have already found a positive correlation

between the level of soil organic matter content and

the presence of EPF species, such as B. bassiana and

Metarhizium anisopliae (Hypocreales: Clavicipi-

taceae), which they attributed to the release of nitrogen

during the mineralization of soil organic matter.

Sharma et al. (2018b) demonstrated that high C/N

ratio and lower exchangeable K? favor higher abun-

dance of entomopathogenic Fusarium oxysporum in

soils from Douro Vineyards in Portugal and adjacent

hedgerows. More recently, Uzman et al. (2019)

recorded an increase of Metarhizium spp. with

bioavailable copper content, increasing C/N ratio

and conventional management in vineyards in Ger-

many. These findings suggest that soil chemical

properties influence occurrence of EPF. The ecolog-

ical relationship between soil nutrient status and EPF

needs to be further understood (Safavi et al. 2007).

Given the current heightened appreciation of the

integral role of EPF in agronomic production, it is

expected that nutrient management guidelines for

many crops, including grapevine, should not only

enable optimum grapevine yield, but also promote

optimum soil EPF occurrence. It was, therefore,

hypothesized that EPF occurrence is associated with

the prescribed optimum ranges of soil nutrients in the

Cape Winelands of South Africa. Hence, we investi-

gated which soil nutrients and soil nutrient levels were

associated with the occurrence of soil-borne EPF in

grapevines of the Cape Winelands.

The Cape Winelands is the main grapevine-grow-

ing region in South Africa, and it is characterized by a

Mediterranean climate with intense sunlight, dry heat

in summer and cold, wet winters (du Plessis and

Schloms 2017; Jones and Davis 2000). Most of the

vineyards in this area use conventional cultivation

approaches to achieve high yields, and control insects

and phytopathogens. Nevertheless, insect pests, such

as the grapevine mealybug Planococcus ficus (Sig-

noret) (Hemiptera: Pseudococcidae), still remain seri-

ous obstacles to achieving optimum crop production.

It is a key pest in vineyards in many countries

including South Africa, causing direct crop losses to

table and wine grapes, and it is a vector of the

notorious grapevine leafroll-associated virus (Daane

et al. 2012; Walton and Pringle 2004). Although

Sharma et al. (2018a) has examined the insect

associated fungi occurring inside naturally mycosed

vine mealybug, to the best of our knowledge this is the

first study that examined the occurrence of EPF in the

Cape Winelands of southern Africa and the relation-

ships between EPF presence and soil nutrient content

on grapevine farms. The objectives of this study were

to (1) survey the occurrence of EPF in vineyard soils in

the Cape Winelands, (2) explore the relationship

between soil chemical properties and presence of EPF

in the Cape Winelands, and (3) ascertain their

pathogenicity against the grapevine mealybug.

Materials and methods

Soil sampling

A total of 66 soil samples were collected from 22

vineyards in the Western Cape, South Africa in the

spring (October to November) of 2016, when mini-

mum temperatures were between 12 and 16 �C and
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maximum temperatures 22–26 �C. These selected

vineyards were located in five of the Western Cape’s

major wine production areas, namely Stellenbosch,

Constantia, Franschoek, Paarl and Worcester

(Table 1). At each vineyard, three blocks of grapevine

were randomly selected, 200 m apart. Soil samples

were collected with a garden spade at a depth of

15–20 cm after removal of surface debris. Soil

samples, 300 g and 1 kg in weight, were put into

transparent plastic containers and paper bags, respec-

tively. The plastic containers and bags were sealed

with rubber bands. The 1 kg bags of soil were sent to

Bemlab Pty. Ltd. (Somerset West, Western Cape,

South Africa) for soil analysis and the 300 g soil

samples were transported to the laboratory, air-dried

and sieved using a 2-mm sieve, and then used in the

process of fungal isolation within 24 h of collection.

Isolation of entomopathogenic fungi

Fungi were isolated from the soil samples by baiting

with fifth instar larvae of Cydia pomonella (Lepi-

doptera: Tortricidae) obtained from a continuous

laboratory culture held at Entomon Pty. Ltd. (Stellen-

bosch, Western Cape, South Africa) and fed on an

artificial diet mixture described by Stenekamp (2011).

Fifth instar larvae had been previously used to isolate

39 EPF isolates from soils in various locations of the

Western Cape Province of South Africa (Abaajeh and

Nchu 2015). Fifty grams of each soil sample was

passed through a metal sieve with a mesh size of 4 mm

and transferred to a plastic container, and then sprayed

with sterile distilled water until moist. Fifteen fifth

instar C. pomonella larvae were placed on the surface

of each soil sample in the plastic container and

incubated in the dark at 25 �C. Containers were briefly

inverted and returned to upright position once per day

for the first week to increase contact between insects

and soil particles and checked for dead larvae every

three to four days for three weeks. Dead larvae were

surface sterilized with 70% (v/v) ethanol for 30 s,

rinsed with sterile distilled water for 1 min, and then

placed on moistened filter paper and incubated at

25 �C. Sporulating larvae were placed on a selective

media of half strength potato dextrose agar (PDA,

Sigma-Aldrich Pty. Ltd., South Africa) (19.5 g l–1)

supplemented with 0.02 g l–1 penicillin and 0.04 g l–1

streptomycin (Tuininga et al 2009; Gouli et al. 2013).

Fungi were also isolated using a plating soil method

(Tkaczuk et al. 2014). A mixture of soil (100 mg) and

sterile 0.05% (v/v) Tween 80 (Sigma-Aldrich Pty.

Ltd., South Africa) was agitated for 10 min to form a

suspension. The suspension (50 ll) was plated on

medium in Petri dishes (9 cm diameter) made-up of

half strength PDA (19.5 g l–1) supplemented with

0.02 g l–1 penicillin and 0.04 g l–1 streptomycin per

soil sample. Each soil sample had five replicates.

Fungal identification

To obtain single spore isolates the method described

by Ho and Ko (1997) was followed. Conidia from the

cultures of each fungal isolate were harvested and

surface cultured on half strength PDA at 25 ± 2 �C
and 70 ± 2% RH for three to four weeks. Twenty-

three fungal cultures were transferred to the Molecular

Biology Laboratory in the Department of Microbiol-

ogy, Stellenbosch University, South Africa for a more

precise identification. All strains were plated on malt

extract agar, Czapek yeast agar and oatmeal agar for

initial grouping. The morphology was determined

from structures mounted in lactic acid, using a Nikon

Eclipse E800 light microscope. Isolates were first

identified based on morphological and cultivation

characteristics as described in the literature (Anwar

et al. 2018; Bischoff et al. 2009; Kepler et al. 2014;

Nelson et al. 1983). For molecular characterization,

DNA was extracted from fresh cells using the ZR

fungal/bacterial DNA kit (Zymo Research, California,

USA) and the presence of genomic DNA confirmed on

a 1% (w/v) agarose gel, stained with ethidium

bromide. PCR reactions were performed using a

GeneAmp PCR System 9700 (Applied Biosystems,

USA). The reaction mixture contained 0.5 ll

(± 50 ng ll–1) of the purified genomic DNA,

500 nM of each primer and 5 ll of 2X Kapa Taq

Ready mix (Kapa Biosystems, South Africa) in a total

volume of 10 ll. Genomic loci amplified in this study

included the internal transcribed spacer region of the

fungal 28S ribosomal DNA (ITS) (ITS1 [50-
TCCGTAGGTGAACCTTGCGC-30; forward primer]

and ITS4 [50-TCCTCCGCTTATTGATATGC-30;
reverse primer]) (White et al. 1990), and the b-tubulin

gene (Bt2a [50-GGTAAC-

CAAATCGGTGCTGCTTTC-30; forward primer]

and Bt2b [50-ACCCTCAGTGTAGT-

GACCCTTGGC-30; reverse primer]) (Glass and Don-

aldson 1995). The PCR conditions for the ITS region
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Table 1 Locations within the Western Cape Winelands, South

Africa where soils were sampled, fungal species isolated and

Abbott-corrected insect mortality means ± SE (%) caused by

selected fungal species and isolates (1 9 108 spores ml–1)

against adult females of Planococcus ficus at four days post-

treatment

Location Site GPS

coordinates

*Fungal

isolate

Isolation

method

I (Insect

bait)

S (Soil

dilution)

*Fungal species Abbott-corrected

mortality ± SE

Stellenbosch Site

1

18.492800�–
33.532048�

SM3 I Beauveria bassiana 87.0 ± 3.0

CPUT15 S Metarhizium robertsii 44.0 ± 5.0

SM4A S Clonostachys rosea f.

catenulata

46.0 ± 1.0

Site

2

18.749890�–
34.015281�

SM6 S Clonostachys rosea f.

catenulata

69.0 ± 10.0

SMA I Beauveria bassiana 77.0 ± 2.0

SM2 I Fusarium falciforme –

Site

3

18.873310�–
33.923300�

– – – –

Site

4

19.280972�–
34.236746�

SM7 I Fusarium inflexum –

SM5 S Talaromyces

sayulitensis

Site

5

18.767340�–
33.957130�

CPUT14 S Talaromyces

pinophilus

–

CPUT17 S Talaromyces ruber –

Site

6

18.913177�–
34.009773�

– – – –

Constantia Site

7

18.426574�–
34.043625�

CPUT16 I Metarhizium robertsii 23.0 ± 6.0

CPUT20 S Talaromyces

pinophilus

–

Site

8

18.411317�–
34.045568�

– – – –

Site

9

18.404093�–
34.034385�

CPUT19 I Metarhizium robertsii 46.0 ± 1.0

SM8 S Clonostachys rosea f.

catenulata

52.0 ± 1.0

Site

10

19.320406�–
34.059153�

SMB I Fusarium solani 44.0 ± 1.0

Site

11

19.320306�–
34.062953�

SM9 S Clonostachys rosea f.

catenulata

18.0 ± 1.1

Paarl Site

12

19.002860�–
33.720840�

– – – –

Site

13

19.117831�–
33.918309�

– – – –

Site

14

18.958800�–
33.766000�

SM10 I Clonostachys rosea f.

catenulatata

50.0 ± 2.0

SM13 I Beauveria bassiana 82.0 ± 2.0
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consisted of an initial denaturing step at 94 �C for

5 min followed by 30 cycles each of denaturing at

94 �C for 30 s, annealing at 56 �C for 30 s and

elongation at 72 �C for 45 s. The PCR conditions for

the amplification of the b-tubulin (BTub) gene con-

sisted of an initial denaturing step at 94 �C for 5 min,

followed by 35 cycles each of denaturing at 94 �C for

45 s, annealing at 56 �C for 45 s and elongation at

72 �C for 1 min. The reactions were completed with a

final elongation for 7 min at 72 �C, and then held at

4 �C. PCR samples were separated on a 1% (w/v)

agarose gel, stained with ethidium bromide and

visualized using ultraviolet light. The amplicons from

the PCR reactions were sequenced on an ABI 3010xl

Genetic Analyser at the Central Analytical Facility

(CAF, Stellenbosch University, South Africa). DNA

sequences were submitted to BLASTn (nucleotide

BLAST; https://www.ncbi.nlm.nih.gov) to identify

potential hits for the isolates. Sequence alignment was

performed using Clustal X and phylogenetic trees

were generated using PAUP*. Distance analyses were

performed using the neighbour-joining method, with

the substitution model set to TrN ? G and the branch

support was calculated with a 1000 bootstrap repeti-

tions. DNA sequences of the fungal isolates were

submitted to NCBI GenBank and accession numbers

obtained (Supplementary Table 1). Fungal cultures are

kept in the germplasm of CPUT and Department of

Microbiology, Stellenbosch University, South Africa.

Soil analysis

Soil was air dried and sieved (2 mm sieve) prior to

tests. Total P, K, Ca, Mg were determined as described

in Campbell and Plank (1998) with slight modifica-

tions, and the pH was measured as described by The

Non-Affiliated Soil Analyses Work Committee

(1990). Optical total C and N were determined using

total combustion through the use of a LecoTruspec�
C/N analyzer. A guide containing the recommended

nutrient levels of each nutrient needed for optimum

cultivation of grapevine in the Western Cape Province

Table 1 continued

Location Site GPS

coordinates

*Fungal

isolate

Isolation

method

I (Insect

bait)

S (Soil

dilution)

*Fungal species Abbott-corrected

mortality ± SE

Malmesbury Site

15

20.014027�–
33.988441�

CPUT18 S Clonostachys rosea f.

catenulatata

32.0 ± 2.0

Site

16

19.987705�–
33.991239�

– – – –

Site

17

19.987805�–
33.991239�

SM1 S Fusarium solani 56.0 ± 1.0

Site

18

20.127851�–
33.887736�

– – – –

Franschoek Site

19

20.127851�
33.887636�

– – – –

Site

20

19.117514�–
33.907261�

SM4B S Aspergillus oryzae –

Site

21

18.413525�–
34.015845�

SM12 I Aspergillus laciniosus –

Site

22

19.167682�–
33.551830�

CPUT22 I Metarhizium robertsii 31.0 ± 0.6

Logistic regression (logit

link function)

v2 = 151.7;

df = 14

v2 = 56.2; df = 3

P\ 0.001 P\ 0.001

*Denotes insect mortality is significantly associated with fungal species and fungal isolate at P\ 0.05 following logistic regression

analysis
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of South Africa was used to categorize nutrient levels

in soil into low, optimum and high. This guide was

obtained from Bemlab Pty. Ltd., a commercial testing

laboratory. Bemlab is accredited by the South African

National Accreditation System (SANAS) and com-

plies with ISO/IEC 17,025 standards of SANAS.

Optimum C/N ratio level were adapted from Cooke

(1968).

Assessing pathogenicity against Planococcus ficus

Prior to assessing pathogenicity, the viability of

conidia was determined by spread-plating 0.1 ml of

conidia suspension, titrated to 3 9 106 conidia ml–1 on

PDA plates. Two replicated sterile microscope cover

slips were placed on each plate and incubated at

26 ± 2 �C. Plates were then examined after 24 h and

percentage germination determined from 100 spore

counts under each cover slip. The germination

percentage was over 90%.

An immersion bioassay was used to assess the

pathogenic effect of 15 EPF isolates (belonging to four

species selected on the basis of their reported

pathogenicity on insects) collected from the sampled

soils against P. ficus. Adult female P. ficus were

obtained from the ARC Infruitec-Nietvoorbij (Agri-

cultural Research Council) Stellenbosch, South Africa

courtesy of Dr. K.A. Achiano. The mealybugs were

reared on butternut squash in a darkroom at 25 �C and

60% RH. The mealybug cultures were maintained in

darkness to prevent crawlers from walking off the

butternut squash because they are attracted to light.

Three to four week-old aerial conidia of the different

fungal isolates were harvested from the single-coni-

dium cultures by scraping, and then suspended sepa-

rately in 50 ml centrifuge tubes containing 25 ml of

sterile 0.05% (v/v) Tween 80 and glass beads. Each

suspension was mixed vigorously using a vortex

shaker for 5 min to homogenize it. The conidial

concentration was determined using an improved

Neubauer haemocytometer. The fungal isolates were

tested at a standardized conidial concentration of

1 9 108 conidia ml–1. The control solution had sterile

0.05% (v/v) Tween 80. Insects were dipped individ-

ually into 3 ml conidial suspensions or the control

solution for 30 s. The mealybugs were handled with

care by means of fine forceps. For each treatment, ten

adult female insects were placed in a 9 cm diameter

Petri dish containing a disk (6 cm in diameter) of

sterilized leaves of Vitis vinifera ‘Cabernet Sauvi-

gnon’, replicated five times. The Petri dishes were kept

at 25 �C, 60% RH and L:D 12:12 in a growth chamber.

Mortality data was recorded on the fourth day because

insect mortality in the control treatment was often

higher than 20% beyond four days post-treatment.

Insect cadavers were surface sterilised in 70% ethanol

for 5 s, rinsed in sterile distilled water for 1 min and

incubated at 25 ± 2 �C and 90 ± 5% RH, and

mycosis confirmed under a dissecting microscope.

No mycosis was observed on the control insects.

Generally, high occurrence of mycosis was observed

on the cadavers of fungus treated insects.

Statistical analysis

Data on insect mortality in the immersion bioassay

were corrected following Abbott (1925). The effects

of fungal species and fungal isolates on insect

mortality were determined using logistic regression

with a logit link function. The statistical level of

significance was fixed at P = 0.05. The relationship

between soil nutrient content level and EPF (B.

bassiana, Metarhizium robertsii and C. rosea f.

catenulata) presence was determined with a corre-

spondence analysis (CA) using the statistical software

PAST (Hammer et al. 2001). This was followed by

logistic regression analysis, with a logit link function,

to establish the association between the concentrations

of the different nutrients (independent and continuous

variable) and the occurrence (presence or absence) of

fungi (dependent and dichotomous variable) isolated

from soil samples using the Statistical Package for

Social Sciences (SPSS) software (version 16, SPSS,

Inc., Chicago, IL, USA).

Results

Isolation and identification of entomopathogenic

fungi

A total of 23 fungal isolates were obtained from 63.0%

of sampled vineyards comprising 11 different species

with some sites yielding multiple isolates (Table 1).

The isolated fungal species were: M. robertsii

(Hypocreales: Clavicipitaceae), Fusarium inflexum,

Fusarium falciforme, Fusarium solani (Hypocreales:

Nectriaceae), B. bassiana (Hypocreales:
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Cordycipitaceae), C. rosea f. catenulata (Hypocreales:

Bionectriaceae), Talaromyces pinophilus, Talaro-

myces ruber, Talaromyces sayulitensis (Eurotiales:

Trichocomaceae), Aspergillus oryzae and Aspergillus

laciniosus (Eurotiales: Trichocomaceae). The pre-

dominant species isolated from vineyard soil was C.

rosea f. catenulata, which was recorded at 26.0% (six

out of 23 isolates) and these isolates were mostly

obtained by the soil dilution method (Table 1). On the

other hand, isolates of the two well-known EPF

species (M. robertsii and B. bassiana) were frequently

collected using the insect bait method (Table 1). The

BLASTn results based on ITS and BTub primers are

presented in Supplementary Table S1. Neighbour-

joining trees (based on ITS and BTub sequences)

showing relationships in the different genera are

presented in Supplementary Fig. S1.

Influence of soil nutrient status on the occurrence

of entomopathogenic fungi

Soil nutrient levels and pH for all sites are presented in

Table 2. The nutrient data were categorized into high,

optimum and low levels, and these were used in a CA

to establish the relationship between soil nutrient level

and fungal occurrence in the different sites. The first

two axes of the CA explained 45.0% of the variation of

the data (Fig. 1). Based on the CA loadings, there was

a positive association between optimum to high soil

nutrient content (Ca, C and N) and fungal (M. robertsii

and C. rosea f. catenulata) occurrence (Fig. 1).

Logistic regressions (overall model fit) were signifi-

cant for the relationship between N (v2 = 4.9; df = 1;

P = 0.03), P (v2 = 4.5; df = 1; P = 0.03) or K

(v2 = 8.7; df = 1; P = 0.003) and occurrence of C.

rosea f. catenulata, and soil C/N (v2 = 5.7; df = 1;

P = 0.02), K (v2 = 7.6; df = 1; P = 0.01), Ca

(v2 = 9.7; df = 1; P = 0.002) and M. robertsii. Logis-

tic regression further revealed that only soil K had a

significant positive association with the occurrence of

M. robertsii (estimate = 0.03 ± 0.01; P\ 0.05; odds

ratio = 1.03).

Pathogenicity of EPF against mealybug

Broadly, insect mortality was significantly influenced

by fungal species (v2 = 56.2; df = 3; P\ 0.001) and

fungal isolate (v2 = 151.7; df = 14; P\ 0.001). All

the 15 selected fungal isolates were pathogenic against

adult females of P. ficus, with four-day mortalities

ranging from 18.0 to 87.0% (Table 1), but isolates of

B. bassiana (SM3, SMA, SM13) and C. rosea f.

catenulata (SM6) caused the greatest P. ficus mortal-

ities, 87.0 ± 3.0%, 77.0 ± 2.0%, 82.0 ± 2.0% and

69.0 ± 10.0%, respectively. The lowest levels of

mortality were observed primarily among isolates of

M. robertsii and C. rosea f. catenulata (Table 1).

Discussion

A better understanding of the ecology of EPF could

lead to optimal exploitation and integration of EPF in

grapevine cultivation. The potential benefits of ento-

mopathogens in agro-ecological systems, including

grapevine farms, are many and include natural regu-

lation of insect pest populations, enhancement of plant

growth and antagonism of plant pathogens. Fertilizer

inputs can influence soil physicochemical properties

and, consequently, soil microbial biodiversity (Laz-

cano et al. 2012). This study revealed, remarkably, that

high Ca and optimum C and N were associated with

the presence of C. rosea f. catenulata and M. robertsii,

and K was positively correlated with M. robertsii in

soils of the sampled vineyards.

Of the 23 fungal isolates collected from the

sampled vineyards, 26.0% belonged to the species C.

rosea f. catenulata, closely followed by M. robertsii

(22.0%) and B. bassiana (17.0%). On the basis of this

study and a previous study by Abaajeh and Nchu

(2015), it appears that M. robertsii is the predominant

Metarhizium species in the Cape Winelands region.

Also, it seems thatM. robertsii andC. rosea proliferate

better in disturbed and conventionally cultivated

habitats than in uncultivated habitats (Quesada-Mor-

aga et al 2007; Uzman et al. 2019). For example, C.

rosea f. rosea was the most encountered species

(30.1 ± 3.4%), followed by B. bassiana

(12.6 ± 2.4%) in Portuguese Douro Vineyards (cul-

tivated habitat) and adjacent hedgerows (semi-natural

habitat) (Sharma et al. 2018b). In countrywide surveys

carried out throughout South Africa, 1506 soil samples

collected and baited with Galleria mellonela yielded

441 isolates of EPF, 81% of which were B. bassiana

and 13% were M. anisopliae (Hatting et al. 2004). In

an earlier study, 62 EPF strains, representing 21%

occurrence, were isolated from soils in the Sunday’s

River Valley citrus producing region (Eastern Cape
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Province, South Africa) and B. bassiana and M.

anisopliae var. anisopliae were the most frequently

isolated (Goble 2009). However, these results should

be interpreted with caution. For instance, Goble

(2009) had relied on morphological characteristics

for fungal identification, which might not be robust

enough in separating closely related Beauveria spp.

and Metarhizium spp. (Bischoff et al. 2009; Rehner

and Buckley 2005). Species identification in Beauve-

ria is difficult due to a lack of a suitable taxonomic

morphologically based framework (Rehner and Buck-

ley 2005). It is probable that, if molecular and

phylogenetic analyses had been used in that study,

some of the fungal isolates that were identified as M.

anisopliae var. anisopliae were, in fact, M. robertsii.

In this study, while the majority of the isolated M.

robertsii and B. bassiana strains were obtained using

the insect bait method, most of the isolates of C. rosea

f. catenulata were collected by soil dilution method.

These results are in agreement with the argument that

EPF isolation methods are not equivalent for the

determination of the occurrence and distribution of

EPF (Medo and Cagáň 2011). Sharma et al. (2018b)

demonstrated that the isolation of M. robertsii was

associated both with Tenebrio molitor (Coleoptera:

Tenebrionidae) baiting and cultivated habitats, while

B. bassiana was linked with G. mellonella baiting

only. A combination of methods is, therefore, neces-

sary for an optimal isolation of EPF from the

environment.

Sharma et al. (2018a) isolated EPF from 58 of 183

field collected vine mealybug and went on to argue

that fungi are important biocontrol agents. Fifteen

strains of four well-known EPF (B. bassiana, M.

anisopliae, C. rosea f. catenulata and F. solani) were

assessed for pathogenicity against the grapevine

mealybug P. ficus. As expected, the results obtained

in this study suggest that the fungus-induced insect

mortality level is not only species-dependent but also

strain-dependent. Clonostachys rosea f. catenulata

isolates yielded mortality ranging from 18.0 to 82.0%

when used in bio-assays against P. ficus. Clonostachys

rosea f. catenulata is known as a mycoparasitic

fungus, which is usually used as a biocontrol agent

for plant pathogens, and it has also been observed as a

facultative pathogen of nematodes (Sutton et al. 2002;

Zhang et al. 2008). In the present study, B. bassiana, a

widely researched species, showed high insect mor-

tality (77.0–87.0%). Beauvaria bassiana is used as an

active ingredient for numerous mycopesticides world-

wide (Feng et al. 1994; Ownley et al. 2004; Pu et al.

2005). Generally, M. roberstii strains induced lower

Fig. 1 Correspondence analysis showing association between

M. robertsii and C. rosea f. catenulata occurrence and optimum

(N and C) and high (Ca) levels in sampled soils of grapevines in

the Cape Winelands of South Africa — their positions in the plot

are relatively more closely associated compared to the other

variables
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mortalities in the current study. In fact, a few studies

have reported that B. bassiana are more virulent to

Planococcus spp. than M. robertsii and other well-

known EPF species (Amutha and Banu 2017;

Mohamed 2016). Mohamed (2016) argued that the

higher virulence of B. bassiana might be due to a faster

rate of penetration and colonization. It is worth noting

that while the Metarhizium isolates we collected may

not be effective against grapevine mealybug, B.

bassiana should be considered as a potential biocon-

trol agent for the pest because of its higher virulence.

We further demonstrated that the macronutrient

potassium was significantly associated with the occur-

rence of M. robertsii. The finding that there is a strong

positive correlation between K concentration and

frequency of isolated M. robertsii is particularly

interesting because soils in the Cape Winelands are

notoriously rich in potassium-containing minerals

(Bargmann 2003, 2005). Sharma et al. (2018b) had

demonstrated that lower exchangeable K? favor

higher abundance of entomopathogenic F. oxysporum

in soils from Douro Vineyards in Portugal. The results

in this study contrast the findings of Jabbour and

Barbercheck (2009) that showed no relationship

between Metarhizium detection and soil nutrients,

such as Ca, K, and P. Nevertheless, while soil nutrient

content is important for microbial abundance in soil,

physical and biological factors are equally important

drivers of microbial abundance (Frac et al. 2018). This

may explain the inconsistent findings obtained in

different studies dealing with the relationship of soil

nutrient content and EPF. Other related studies have

mainly focused on nutrient source use in in vitro

culturing of fungi (Mishra and Malik 2012; Zhu et al.

2008) and little information is available on specific

nutrient levels required for fungal growth under field

conditions. Although nutritional requirements and

tolerances may vary with species/strains, generally

microorganisms require significant quantities of car-

bon, nitrogen and phosphorus, which are the essential

ingredients of growth factors like amino acids, purines

and pyrimidines and vitamins. In a study by Tsvuura

et al. (2017), mycelial biomass more than tripled with

the addition of nitrogen into grassland plots.

In conclusion, in terms of nutrient status, the

recommended optimum N and C levels and high Ca

level correlated with the occurrence of M. robertsii

and C. rosea f. catenulata in grapevine of the Cape

Winelands. Potassium had a significant positive

relationship with the occurrence of M. robertsii in

this study. This information is valuable for future

development of ecological approaches involving cre-

ating conditions for enhancement of the occurrence of

EPF on grapevine farms. This study provides a basis

from which to study EPF ecology and test them in

further field-scale trials in different agricultural

settings.
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