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Abstract

Biological control has been frequently used against mealybugs in many places worldwide, and a correct identification of natural
enemies is essential for its implementation. This study aimed at identifying the Anagyrus species (Hymenoptera Encyrtidae) asso-
ciated with Phenacoccus madeirensis Green 1923 (Hemiptera Pseudococcidae) collected in bell peppers under greenhouse condi-
tions in Texcoco, State of Mexico. A laboratory rearing of the parasitoid was established and some specimens were used for mor-
phological and molecular characterization. DNA amplification was conducted using the 28S rRNA D2 region, recommended for
Anagyrus species, and sequencing and editing were performed to compare it with the GenBank base. The parasitoid is identified as
Anagyrus tristis Noyes et Hayat 1994 representing a new record for the American continent. Here the description of the male is
included, and this parasitoid is associated with P. madeirensis for the first time. The study of biology and behaviour of A4. tristis on

P. madeirensis pave the way to determine its potential as a biological control agent of an important agricultural pest.
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Introduction

Mealybugs are pests that affect a wide variety of vegeta-
bles, fruits, and ornamental crops; they feed on sap, and
high populations can weaken plants (Williams and
Granara de Willink, 1992; Ben-Dov, 1994; Franco et al.,
2009). In addition, they can also cause indirect harm, by
transmitting viruses and by producing abundant honey-
dew on that stratify the sooty mould, reducing transpira-
tion. Besides, their presence may result in the rejection of
products in national and international markets (Mani and
Shivaraju, 2016; Selvarajan et al., 2016). Phenacoccus
madeirensis Green 1923 (Hemiptera Pseudococcidae) is
an internationally relevant mealybug in open-field and
greenhouse vegetables; this species is reported from
more than 50 countries in Southeast Asia, North Africa,
in the Mediterranean area, in Europe and Mexico (CABI,
2000; Lomeli-Flores et al., 2021). P. madeirensis is a po-
lyphagous species attacking over 170 host species in 45
botanical families (Ben-Dov et al., 2014), primarily af-
fecting ornamentals and vegetables such as Capsicum an-
nuum L. and Solanum melongena L. (Solanales Sola-
naceae) (Tok et al., 2016). In some areas of Colombia,
Brazil, and West Africa, P. madeirensis can cause eco-
nomic losses ranging from 68 to 88% if some control
measures are not adopted in time (Herren and Neu-
enschwander, 1991; Bellotti ef al., 1999).

Biological control is considered one of the most desira-
ble approach against many species of mealybugs, and it
has been employed through introduction or augmentation
of natural enemies (Franco et al., 2009; Beltra et al.,
2013). Specifically, for P. madeirensis there are recorded
11 species of predators of the families Chrysopidae, Coc-
cinellidae, and Phytoseiidae, along with 27 species of par-
asitoids of Eulophidae, Platygastridae, and Encyrtidae;
eight species of Anagyrus Howard 1896 (Hymenoptera

Encyrtidae) are standing out in the latter family (Shylesha
and Jhosi, 2012; Garcia Morales et al., 2016, Ashraf et al.,
2024, Noyes, 2024). The genus Anagyrus comprises
around 290 described species (Noyes, 2024), some of
which have been successfully utilized alone or in combi-
nation, for the biological control of mealybugs on differ-
ent crops (Noyes and Hayat, 1994; Guerrieri et al., 2009).
A successful example is represented by Anagyrus callidus
Triapitsyn, Anderson et Perring 2019 (referred as
Anagyrus kamali Moursi) for the control of Maconellicoc-
cus hirsutus Green 1908 (Hemiptera Pseudococcidae) in
California, USA, in Mexicali Valley, Baja California, and
Bahia de Banderas, Nayarit, Mexico, where it resulted in
97% reduction of pest populations (Garcia-Valente et al.,
2009; Perring et al., 2022; Lomeli-Flores et al., 2023).
Other important species within the Anagyrus genus in-
clude Anagyrus aegyptiacus Moursi 1948, Anagyrus dac-
tylopii Howard 1898, and Anagyrus pseudococci Girault
1915, all playing a significant role in mealybug control
(Shylesha and Mani, 2016).

Currently, there are eight species of Anagyrus associ-
ated with P. madeirensis globally: Anagyrus bermuden-
sis Kerrich 1982 and Anagyrus loecki Noyes et Menezes
2000, found in North and Central America (Chong,
2005); Anagyrus elgeri Kerrich 1982 in South America;
A. pseudococci in America, Africa, Asia, and Europe;
Anagyrus amnestos Noyes et Poorani 2013 in Asia, Eu-
rope, and North America (Rameshkumar et al., 2013),
and Anagyrus qadrii Hayat, Alam et Agarwal 1975 in
some Asian countries (Shylesha and Jhosi, 2012; Kondo
and Watson, 2022; Japoshvili et al., 2023). Of these, only
A. loecki is reported in Mexico on P. madeirensis (Noyes,
2024).

Although, keys are available for the identification of
Nearctic species of Anagyrus from North America and
some areas of northern Mexico (Noyes, 1989; Noyes et



al., 1997), exploration of parasitoids within this genus
and their hosts has been limited. Currently, only 26 spe-
cies of Anagyrus are known from Mexico (Trjapitzin et
al., 2008). This genus comprises a complex of morpho-
logically similar species; for instance, the 4. pseudococci
complex exhibits morphotypes, complicating its identifi-
cation, as it was recently confirmed by the definition of
six different species within it (Trjapitzin et al., 2008;
Sugawara et al., 2020). One of these species is 4. calli-
dus, frequently cited from Mexico as 4. kamali, was used
in national biological control program and integrated
management of M. hirsutus (Garcia-Valente et al., 2009;
Lomeli-Flores et al., 2023). Despite minimal differences
between species and the difficulty linked of a correct
identification, it is fundamental a correct characterization
to avoid the failure of biological control programs (An-
dreason et al., 2019; Sugawara et al., 2020). Therefore,
this study aimed at the integrated characterization of a
species of Anagyrus recently collected in Mexico associ-
ated with P. madeirensis in greenhouse vegetables.

Materials and methods

A colony of P. madeirensis was established on bell pep-
per plants under greenhouse conditions (25 + 9 °C, 70 £
10% RH) at Colegio de Postgraduados, Texcoco, State of
Mexico. The plants were grown using peat moss and a
hydroponic system with automated irrigation. Adult fe-
males and egg sacs of P. madeirensis were placed on 45-
day-old bell pepper plants to allow development and re-
production on them. The plants were protected with fab-
ric mesh to prevent the introduction of natural enemies
into the mealybug-rearing.

Anagyrus was reared on parasitized P. madeirensis pu-
pae collected from experimental greenhouses at the Co-
legio de Postgraduados (19°27'39.6"N 98°5428.8"W
2,220 masl) on August 29, 2022. These pupae were
placed in plastic containers (26 X 13 x 13 cm) with a ven-
tilation hole (5 x 5 cm) sealed with mesh on the lid to
allow ventilation. A cotton wick saturated with water was
placed inside the container, along with honey drops on
the walls to provide ad libitum feeding for emerging par-
asitoids. The cotton wicks and honey drops were replaced
every 48 hours. In each container, 15 third-instar nymphs
and 20 adult females of P. madeirensis were introduced
every three days to maintain the parasitoid colony.

Morphological identification

A group of parasitoid adults underwent gradual dehy-
dration in 80%, 90%, and 96% ethanol solutions, with
each solution immersion lasting 30 minutes. Following
the final ethanol solution, they were placed in a glass
container with amyl acetate for 24 hours. After this pe-
riod, the specimens were removed from the amyl acetate
and air-dried at room temperature for 24 hours, diagnos-
tic structures were subsequently removed for identifica-
tion, placed on a microscope slide with a drop of glycer-
ine, and covered with a coverslip. Another group of adult
specimens was processed following the technique of
Kosztarab (1963), with a few modifications, for mount-
ing them on microscope slides in Canada balsam. The
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slide mounted samples were observed under an Optika
B-510PH compound stereoscope. Photographs of diag-
nostic structures were taken using a Canon EOS T7 dig-
ital camera. Noyes and Hayat (1994) dichotomous key
was used for the identification. The voucher specimens
were deposited in the Insect Collection of the Colegio
de Postgraduados under the accession number CAEM-
Hy-022.

Molecular identification

The DNA extraction from individual adult specimens
was performed using the Tissue and Insect DNA Micro-
Prep Kit (Zymo Research, Irvine, CA, USA) following
the manufacturer's instructions. The DNA quality was
confirmed through agarose gel electrophoresis in 1.5%
TAE bufter. The gel was stained with ethidium bromide
(10 mg mL™") and photographed.

Partial sequences of the D2 domain of the 28S nuclear
rRNA were obtained using the primers D2F and D2R,
previously reported for some Anagyrus species (An-
dreason et al., 2019). Reactions were made in a final
volume of 30 pL containing 1X PCR buffer (Tris-Cl,
KCI, (NH4)2S04, 15 mmol L' MgCI2; pH 8.7), 0.2
pM of each primer, 0.2 mM of dNTPs, 0.5 U of
TagDNA polymerase (Qiagen®, GmbH, Hilden, Ger-
many), 1 mM of MgCl2 and 3 pL (approx. 30 ng) of
DNA. The amplification conditions included an initial
denaturation at 95 °C for 3 minutes, followed by 40 cy-
cles 0f 94 °C for 45 seconds, 54 °C for 1 minute, and 72
°C for 90 seconds, with a final extension step at 72 °C
for 10 minutes. The reactions were done using a MyCy-
cler T100™ thermocycler (Bio-rad Laboratories, Inc.,
Hercules, CA, USA). For each set of reactions, a nega-
tive control (containing sterile distilled water) and a
positive control (a sample with a history of successful
amplification) were included.

The PCR products were sent to Macrogen Inc. (Ge-
umchen-gu, Seoul, South Korea) for direct sequenc-
ing. The resulting sequences were edited using the Bi-
oEdit program (Hall, 1999). Multiple alignments were
performed using Clustal W (Thompson et al., 1994)
with the BioEdit program V. 7.2.5 (Hall, 1999). For
analysis, sequences of the genus Anagyrus were re-
trieved from GenBank as reported by Triapitsyn et al.
(2007; 2018), and Gillespie ef al. (2005), with the fol-
lowing accession numbers: DQ667688 A. kamali,
AY599315 A. pseudococci, MGT31495 Anagyrus quil-
mes Triapitsyn, Logarzo et Aguirre 2014, MG731490
Anagyrus cachamai Triapitsyn, Logarzo et Aguirre
2014, KY211221 A. tristis, DQ667687 Anagyrus
agraensis Saraswat 1975, and AY 599308 Cheiloneurus
fulvescens Hoffer 1957.

A pairwise genetic distances analyses between and
within nucleotide sequences of the species studied were
done in MEGA 11 (Tamura et al., 2011) using the Ki-
mura two-parameter (K2P) model (Kimura, 1980).
Standard error estimates were obtained by a bootstrap
procedure with 1000 replicates.

The substitution model selection and cladogram infer-
ence were performed using IQ TREE with the maximum
likelihood method (Trifinopoulos ef al., 2016) (available
at: http://igtree.cibiv.univie.ac.at/). Branch robustness



was estimated through a bootstrap analysis with 5000
replicates using UFBoot2 (Hoang ef al., 2018). The phy-
logenetic tree was visualized and edited in iTOL (Letunic
and Bork, 2021) (available at: https://itol.embl.de/), and
the sequences were deposited in GenBank.

Results
All specimens of the parasitoid collected on P. madeiren-

sis attacking greenhouse peppers at Colegio de Post-
graduados were identified as Anagyrus tristis Noyes et

Hayat 1994 (Hymenoptera Encyrtidae). The morpholog-
ical identification was corroborated with molecular iden-
tification. The characteristics of females match the de-
scription by Noyes and Hayat (1994) and it was con-
firmed by the photographs of the diagnostic female fea-
tures (figure 1). The male of this species was previously
unknown. Material collected at Colegio de Postgradu-
ados and laboratory rearing specimens show a 1:1 sexual
ratio. A description of the male is included, following the
descriptions for the 4. pseudococci species complex (An-
dreason et al., 2019), and diagnostic features are illus-
trated (figure 2).

Figure 1. Female A. tristis: a) adult, b) anterior wing, ¢) posterior wing, d) antenna, e) genitalia, f) thorax and g) head.
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Figure 2. Male A. tristis: a) adult, b) anterior wing, ¢) posterior wing, d) antenna, e) genitalia, f) thorax and g) head.

Anagyrus tristis Noyes et Hayat 1994
Female diagnosis

A. tristis females can be differentiated from other spe-
cies within the genus by the flagellum having the first two
segments brown and the rest white, except for the apical
segments of the club, which are yellowish. The prothorax
is lighter than the rest of the thorax, which is orange-col-
oured, while the metasoma is dark brown (figure 1).

Male diagnosis

Body length of 0.77 mm (0.68-0.90 mm) (dry-mounted
specimens); colour: body mostly black with dark brown
parts; scape and pedicel darker than the rest of antenna;
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basal third of scape white, the remaining dark brown; teg-
ula slightly lighter in colour than thorax and slightly yel-
lowish at base; legs a little paler than the rest of the body;
forewing hyaline; eyes abundantly hairy, with bristles
longer than the width of ommatidia; scape 3.4x longer
than broad (0.13 by 0.039 mm); pedicel 1.4x longer than
broad (0.08 by 0.03 mm); all funicular segments longer
than broad, F1 longest (0.08 by 0.031 mm); clava 2.6x
longer than broad (0.15 by 0.11 mm) and longer than
twice the 2" funicular segment. Mesosoma is 1.6x longer
than metasoma; forewing 2.7x longer than broad (0.838
by 0.311 mm); hindwing 4.2x longer than broad (0.559
by 0.132 mm). Genitalia length 0.22 mm.



Table 1. Percentage of divergence (+ SE) for D2 region of the 28S rDNA sequences pairs within and between A. tristis
and other members Anagyrus retrieved from GenBank and accession numbers are shown.
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Anagyrus cachamai
MG731490 Wi
Anagyrus agraensis 6.08
DQ667687 (1.44)
Anagyrus kamali 7.67 8.99
DQ667688 (1.61) (1.76)
Anagyrus pseudococci 7.33 8.64 4.82
AY599315 (1.61) (1.73) (1.25)
Anagyrus quilmes 4.83 6.71 4.82 3.03
MG731495 (1.27) (1.52) (1.27) (0.96)
Anagyrus tristis 4.36 6.88 7.52 6.85 4.97
KY211221 (1.20) (1.55) (1.65) (1.57) 1.27)
Cheiloneurus fulvescens 25.13 27.50 24.55 26.55 24.22 25.27 N/C
AY599308 (4.00) (4.33) (3.77) (4.12) (3.73) (3.87)

Molecular identification

The final lengths of the D2 region of the 28S rRNA se-
quences were 398, 418, 416, 576, 424, and 417 bp, and
they are available in GenBank under the accession num-
bers PP501784, PP501785, PP501786, PP501787,
PP501788, and PP501789, respectively.

Sequence diversity

The average mean divergence among species of the ge-
nus Anagyrus was 6% (SE = 1.44%). The genetic diver-
gence of the sequences in this study ranged from 3.03%
to 8.99% (table 1). The average divergence between the
A. tristis sequences obtained in this study and those ob-

Tree scale: 0.1

tained from GenBank was 0.22% (SE = 0.13%), confirm-
ing the identity of the species.

Phylogenetic analysis

The phylogenetic tree inferred from the maximum like-
lihood analysis of the D2 region of the studied sequences
consisted of two well-supported clades. One clade con-
tained A. tristis; all A. tristis sequences grouped together
with 100% probability, distinct from A. cachamai and A.
agraensis with 99% probability. The other clade encom-
passed all other sequences. This analysis successfully
supported the identification of A. tristis in our samples
(figure 3).

Cheifoneurus fulvescens

,— Anagyrus kamali

Anagyrus pseudococci
Anagyrus quilmes

i Anagyrus agraensis
Anagyrus cachamai

99 1B

100

Anagyrus tristis
4B

Figure 3. Dendrogram inferred from maximum likelihood (ML) analysis of the D2 region within the 28S rRNA data
of A. tristis. The sequence C. fulvescens was used as an outgroup. Only bootstrap values above 85% are shown.
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Discussion

A. tristis had previously only been recorded as parasitoid
of the genus Rastrococcus Ferris in Indonesia (Noyes and
Hayat, 1994), and more recently from Phenacoccus so-
lenopsis Tinsley 1898 in Hainan, China (Chen et al.,
2021). In this study, 4. tristis is reported for the first time
from Mexico and the American continent. Also, this is
the first record of this species from P. madeirensis. Pre-
viously, only A. loecki had been reported as a parasitoid
of P. madeirensis in Mexico (Noyes, 2024); but it is eas-
ily separated from A. tristis by its larger funicle segments
and darker clava. The initial recovery of 4. tristis speci-
mens occurred in greenhouses where experiments were
run with another parasitoid recently recorded from Mex-
ico, Dicarnosis ripariensis Kerrich 1978 (Lomeli-Flores
et al., 2021; Acevedo-Alcala et al., 2024). Currently, la-
boratory trials are ongoing to characterize the biology,
behaviour, and demographic parameters of this species,
and to determine its potential as a biological control agent
against P. madeirensis.

Further research is needed to determine the potential of
natural enemies of mealybugs reported from North
America (Chong, 2005; Lomeli-Flores et al., 2021;
Acevedo-Alcald et al., 2024), supported by a solid inte-
grative characterization of involved species. It is known
that A. tristis reproduces in at least three species of
mealybugs (Noyes and Hayat, 1994; Chen et al., 2021),
two of them are significant pests in various crops in North
America. Therefore, ongoing efforts are essential in
searching for and identifying natural enemies that could
potentially contribute, in the medium term, to the control
these economically important pests.
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