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Introduction

Abstract

Piezodorus guildinii (Westwood) is a soybean pest that causes significant
economic losses in the Americas. The variability of overwintering
(diapause) traits was evaluated in populations of the Southwest (SW)
(33°55'-34°17'S, 57°13-57°46'W) during 2-year period (2011—2013) and of
the Northwest (NW) (32°01'-33°02'S, 57°50'-57°24'W) during 1-year peri-
od (2014—2015) Regions of Uruguay. Samples were taken from different
plant species (cultivated legumes, wild shrubs, and trees) and from over-
wintering sites (leaf litter and bark). Alfalfa, Medicago sativa L. was the
main host, with a collection period of 10-11 months in the SW and 12
months in the NW. Cluster analysis for each sex was carried out to group
the months according to the similarity in diapause traits of populations
(body size, body lipid content, immature reproductive organs, and clear
type of pronotum band and connexivum in females). Female diapause in
the SW was longer (beginning of autumn to end of winter) than that in the
NW (mid-autumn to mid-winter). Male diapause was longer (mid-autumn
to mid-winter) in SW1 (1st year) than in SW2 (2nd year) and NW (late-
autumn to mid-winter). In both regions, male diapause was shorter than
female. Differences were associated with maximum temperature at day-
light hours < 12.1, being necessary maximum temperatures below 23.8 °C
for females and 19.2 °C for males to initiate diapause.

Like most phytophagous stink bugs, P. guildinii spends
about a third of its lifetime feeding usually on immature pods

Piezodorus guildinii (Westwood) (Hemiptera: Pentatomidae)
(common names: Neotropical green stink bug and small
green stink bug in South America, red-banded stink bug in
the USA) is a Neotropical species found from Southern
United States to South America (Panizzi & Slansky 1985). It
is a significant pest of soybean in the Southern Cone of South
America, particularly in Uruguay and Argentina, causing the
largest economic loss in this crop (Zerbino et al 2014). In the
last decade, it has reached economic importance as a pest of
soybean in Southern United States (Baur & Baldwin 2006;
Kamminga et al 2012).

of soybean from summer to early-autumn (Panizzi 2000,
Panizzi & Silva 2009). The rest of the year, adults inhabit
alternate plants, shelters in overwintering sites in reproduc-
tive diapause (Panizzi 1997, Zerbino et al 2013, 2014, 2015),
which are essential links in the intricate net of the life history
of phytophagous hemipterans (Panizzi 2000).

The majority of hemipteran species have facultative dia-
pause and external token stimuli are necessary to induce
diapause (Kostal 2006). In temperate populations, the induc-
tion of adult reproductive diapause is controlled by a long-
day photoperiodic response (Ali & Ewiess 1977, Harris et al
1984, Musolin & Numata 2003). Winter adult diapause is the
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most common diapause in Pentatomidae (Musolin & Saulich
2018). The main diapause-inductive factors are photoperiod,
temperature, and food quality/shortage (Panizzi & Silva
2009, Musolin & Saulich 2018, Zerbino et al 2014, 2015).
The interaction between photoperiod and temperature fac-
tors creates a reliable ecological mechanism to regulate the
timely onset of diapause (Musolin & Saulich 2018). The most
reliable environmental cue is day length, because of its as-
tronomic precision and the fact that no environmental fac-
tors can affect it. Studies evaluating the effect of photoperi-
od on reproductive diapause in different species of pentato-
mids showed that diapause is induced by a photophase of <
12 h (Ali & Ewiess 1977, Albuquerque 1993, Hodek & Hodkova
1993, Kobayashi & Numata 1995, Nakamura & Numata 1997,
Musolin & Numata 2003, Mourdo & Panizzi 2002,
Chocorosqui & Panizzi 2003, Niva & Takeda 2003, Zerbino
et al 2014). Thermoperiod fluctuates among years, which
makes it a less reliable seasonal indicator. However, temper-
ature acts to modify or reinforce the effects of photoperiod
(Leather et al1993; Zerbino et al 2013, 2014). The number of
annual generations largely depends on local thermal condi-
tions, whereas day length acts as a cue and provides infor-
mation for an optimal timing of the active development and
dormancy in a given location (Musolin & Saulich 2018). In
general, increase in temperature suppresses winter dia-
pause, whereas drop in temperature facilitates it (Zerbino
et al 2014).

Diapause is a hormonally determined state, character-
ized by a complex of morphological, physiological, and
behavioral traits known as the diapause syndrome
(Tauber et al 1986). An accumulation of energetic
reserves, undeveloped reproductive structures, and
changes in size, shape, and body coloration are among
the most conspicuous alterations on pentatomids during
the diapause period (e.g., McPherson 1974, Ali & Ewiess
1977, Ito 1985, Albuquerque 1989, Hodek & Hodkova
1993, Kobayashi & Numata 1995, Nakamura & Numata
1997, Musolin & Numata 2003, Mourdo & Panizzi 2002,
Chocorosqui & Panizzi 2003, Niva & Takeda 2003,
Zerbino et al 2014, 2015). Increase of lipid reserves is
one of the most consistent features of insects entering
diapause (Ito 1985, Danks 1987, Chocorosqui & Panizzi
2003), which enhances survival and longevity under ad-
verse conditions (Ito 1985, Panizzi & Hirose 1995).
Diapausing adults change the structure external and in-
ternal systems, which often results in changes in color or
size (Danks 1987). Variable body coloration during the
season is typical of many true bugs usually associated
with the physiological state of the individuals controlled
by day length (Musolin & Numata 2003, Musolin et al
2007, Saulich & Musolin 2007, 2012). In moderate win-
ters, some pentatomid species continue feeding during
the short photophase, while others reduce their feeding
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activity (Shearer & Jones 1996, Mourdo & Panizzi 2002,
Chocorosqui & Panizzi 2003, Zerbino et al 2014, Musolin
& Saulich 2018).

Diapause can also affect phenology, affecting voltinism
(i.e., the number of generations per year) among and within
species (Posledovich et al 2015, Musolin & Saulich 2018,
Saulich & Musolin 2018). The number of generations per year
greatly influences the growth and dynamics of insect popu-
lations, important factors to manage pests (Schebeck et al
2017). Despite abundant, few diapause studies are clearly
understood, which requires a combination of physiological
and ecological approaches (Musolin 2012). Therefore, the
purpose of this work was to study the variability of the dia-
pause traits and overwintering strategies of P. gdiildinii pop-
ulations in the Southwest and Northwest Regions of
Uruguay.

Materials and Methods

Sites and sampling methods. P. guildinii adults were weekly
sampled during 2 years (May 2011 to April 2013) in the
Southwest Region of Uruguay (Colonia) (SW, between
33°55' and 34°17'S, and between 57°13' and 57°46'W) and
during 1 year (July 2013 to June 2014) in the Northwest
Region (Paysandu and Rio Negro) (NW, between 32°01" and
33°02'S, and between 57°50' and 57°24'W) (Fig 1). Samples
were taken from different plant species, including cultivated
legumes, and wild shrubs and trees, and at overwintering
sites (leaf litter and bark) (Table 1). Adults caught in each
sample were identified according to the sampling site, date,
and plant species, and taken to the laboratory, where they
were killed by freezing.

For sampling the bugs, on forage legumes, a 38-cm diam-
eter sweep net was used (100 and 400 sweep/crop in SW
and NW, respectively). During winter (June-September),
when bugs were not caught by sweep net, they were sam-
pled in a randomly selected area (1 m?) using an iron frame,
and 10 sampling units were evaluated in each crop. In the
case of tree and shrub species, samples were taken by shak-
ing foliage plants over a 1 m* white cloth. Fifteen sampling
units were taken from each plant species. Eucalyptus spp.
and soybean litter were sampled using the 1 m? iron frame,
in a similar way as described for the forage legumes in the
SW during winter.

Seasonal morphological and physiological changes.
According to Zerbino et al (2014), the criteria that indicate
reproductive diapause are small body size, the accumulation
of energy reserves, and undeveloped reproductive organs for
both sexes, and a clear coloration of the pronotum band and
the connexivum for females. For that reason, the variables
considered in this study were body length and body lipid
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Fig 1 Geographical regions
where Piezodorus guildinii adults
were collected in Uruguay.
Southwest (SW, between 33°55'
and 34°17'S, and between 57°13'
and 57°46'W); Northwest (NW,
between 32°01" and 33°02'S, and
between 57°50" and 57°24'W).

Table 1

Cultivated and non-cultivated plants sampled in the

Southwest (SW) and Northwest (NW) Regions of Uruguay to obtain
adults of Piezodorus guildinii.

Family Species Region
Anacardiaceae Lithraea molleoides (Vell.) Engl. NW
Bignoniaceae Catalpa bignonioides Walter SW
Fabaceae Acacia melanoxylon R. Br. SW
Lotus corniculatus L. SW, NW
Medicago sativa L. SW, NW
Trifolium pratense L. SW, NW
Trifolium repens L. SW, NW
Fagaceae Quercus ilex L. NW
Quercus robur L. NW
Quercus suber L. NW
Myrtaceae Eucalyptus sp. SW, NW
Eugenia uniflora L. SW, NW
Psidium sp. L. NW
Oleaceae Ligustrum sp. SW, NW
Pittosporaceae Pittosporum undulatum Vent. SW, NW
Poaceae Cynodon dactylon (L.) Pers. SW, NW
Lolium multiflorum Lam. SW
Phylllostachys sp. SW, NW
Sorghum bicolor L. (Moench) Sw
Zea mays L. SW
Proteaceae Grevillea robusta A. Cunn SW
Rosaceae Cotoneaster lacteus Franch. Sw
Cotoneaster pannosus Franch. NW
Cotoneaster salicifolia Franch. NW
Sapotaceae Pouteria salicifolia Spreng. (Radlk.) NW

Atlantic Ocean

content for both sexes, the percentages of females with im-
mature ovaries and a clear type of pronotum band and con-
nexivum, and the the percentages of males with immature
testes and collapsed ectodermic sac.

In each sampling date, collected adults were killed, sexed,
and body length and color were evaluated. Individual digital
pictures were taken, and the body length was evaluated
using Image Pro-Express 5.1 software (MediaCybernetics,
Silver Spring, MD). Females were characterized by the color
of the pronotum band and of the connexivum (Zerbino et al
2014). Females were typified as clear type when the color of
the pronotum band was cream, yellow or orange, and dark
type when they presented a pink, red, or purple band. The
color of the connexivum varied from clear (whitish pink) to
dark (blackish pink).

After the color assessment, females and males of each
sampling date were divided into two groups. In the first
one, lipid content was evaluated following Panizzi & Hirose
(1995); insects were dried at 60 °C for 48 h, and dry mass
(DW) was recorded to the nearest 0.01 mg (Scientech SA
210). For lipid extraction, a Twisselman extractor (IVA Co.,
Argentina) with six extraction tubes was used. Insects were
individually identified with a number and placed in a cotton
cloth bag (3.0 x 4.0 cm). Six cotton bags were conditioned in
each extraction tube (7.5 x 3.0 cm); 250 mL of the extraction
solvent (hexane) was added to a volumetric flask and placed
in the Twisselman extractor. The equipment was heated to
approximately 120 °C, after which the extraction process
continued for 2 h. After that, each adult was placed back into
the oven (60 °C) for 15 h and then weighed once more to
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obtain its weight without lipid (TW). The percentage stored
lipid was calculated as Lipid content (%) = (DW - TW) / DW)
X 100.

The second group of adults was dissected and adult
reproductive organs development was evaluated. Alcohol
(70%) was used to clean the abdominal cavity of the
insects to allow the best view of the reproductive
organs. Females were ranked according to Mourdo &
Panizzi (2002) in one of three categories: immature (ova-
ries with no differentiation or no development, and no
vitellary constriction); intermediate (ovaries with differ-
entiation, visible chambers, and vitellary constrictions
with oocytes); and mature (ovaries totally developed
with well-developed oocytes). For males, the condition
of the ectodermal sac (collapsed or expanded) was eval-
uated (Esquivel 2009). In addition, testes were extracted
from the abdominal cavity, a digital picture was taken,
and their length was measured using Image Pro-Express
5.1 software; they were ranked as mature or immature
when values were > 1.55 mm and < 1.54 mm, respective-
ly, according to Zerbino et al (2014), who determined
these ranges from a sample of 217 testes.

Statistical analysis. For the three decades of each month
of each sampling year (SW1-Southwest 2011/12, SW2-
Southwest 2012/2013, and NW-Northwest 2013/14),
averages of body length and body lipid content, percen-
tages of females with immature ovaries and clear type of
pronotum band and connexivum, and percentages of
males with immature testes and collapsed ectodermic
sac were calculated. These decade averages and percen-
tages were considered as replicates in statistical analysis.
A cluster analysis for each sex was carried out (complete
linkage method, Gower distance (Gower 1971), and stan-
dardization of the data), to group the months in which
adults were collected according to their similarity. For
females, the data set included body length (mm), body
lipid content (%), and percentage of females with imma-
ture ovaries and a clear type of pronotum band and
connexivum. For males, the data set included body
length (mm), body lipid content (%), and percentage of
males with immature testes and collapsed ectodermic
sac. To check the right composition of the groups deter-
mined by the cluster analysis, a multivariate analysis of
variance (MANOVA) was performed. A discriminant anal-
ysis was carried out to determine the cross-errors in the
groups. Regression trees were performed (Breiman et al
1984) with the percentage of females and males with
immature reproductive organs as the response variables,
and daily light hours and maximum temperature (month-
ly average) as predictor variables (Table 2). Infostat ver-
sion 2017 was the software used for all the analysis.
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Table2 Daylight hours and maximum temperature (monthly average)
recorded in southwestern (SW, between 33°55" and 34°17'S and
between 57°13' and 57°46'W) (May 2011—-Apr 2013) and northwestern
(NW, between 32°01" and 33°02'S and between 57°50" and 57°24'W)
(Jul 2013—Jun 2014) Regions of Uruguay.

Daylight (hours)' Max Temp (°C)*

SW NW SW13 SW2 NW
January 14.16 13.95 30.5 29.0 31.4
February 13.32 13.2 28.2 28.0 2841
March 12.28 12.28 25.4 24.0 25.9
April 1.2 1.3 21.5 23.4 24.2
May 10.31 10.5 18.3 20.6 19.5
June 9.87 10.12 14.7 15.7 17.4
July 10.09 10.3 14.3 13.4 17
August 10.87 10.97 14.6 16.9 17.8
September 1.9 11.88 20.4 19.0 21
October 12.98 12.87 20.4 21.2 24.5
November 13.94 13.73 26.7 26.0 26.4
December 14.43 14.18 26.5 28.4 29.7

"Source: USNO.
2 Monthly maximum temperature.

3SW1: Southwest, year 2011/2012; SW2: Southwest, year 2012/2013;
NW: Northwest, year 2013/2014.

Results

Adults P. guildinii were obtained from 24 plant species, 11 of
which were common in both regions (SW and NW). Alfalfa,
Medicago sativa L. was the plant in which the largest number
of adults was collected in both regions, with a collection
period of 10-11 months in SW, and 12 months in NW
(Table 3). The wild plant Pittosporum undulatum Vent and
Eucalyptus spp. litter stood out among the group of shrubs
and hibernation sites, in where the highest number of adults
was obtained over a prolonged period (Table 3).

Females. According to the female diapause traits, the den-
drogram of the hierarchical cluster analysis classified the 3
years of sampling (SW1, SW2, and NW) into three groups
(diapause, non-diapause, and intermediate) (Fig 2a,
Table 4). The cophenetic correlation of this analysis was
0.915, indicating the adequacy of the correlation between
the distances defined by the metric of the binary tree
(Gower) and the original distances. The groups were statisti-
cally different from each other (Wilks statistic = 0.03, Fyq g =
29.59, p < 0.0001) for the Hotelling Vector Comparison test
corrected by Bonferroni. The cross classification of the
groups performed by discriminant analysis estimated a total
error of 7.41%, with errors of 4.17, 2.78, and 20.83% in the
differentiation of the diapause, non-diapause, and interme-
diate groups, respectively.



P. guildinii Overwinter at Different Latitudes 183

Table 3 Total number,

percentage, and period of Host SW NW

Piezodorus guildinii adults

collected on the main cultivated Total adults % Period Total adults % Period

and non-cultivated plants, and

overwintering niches in Medicago sativa 1624 70.0 SEIZ)—JUI"I/JUl1 4071 85.1 Jul-Jun

sogth)A/esternc(S\,N, between Lotus corniculatus 193 8.3 Dec—Jul 475 9.9 Oct-Apr

33u55’, and 3‘t 17,5 and between Trifolium pratense 145 6.2 Nov—Jun 36 0.8 Dec—Feb

57°13' and 57°46'W) (May 2011— .

Apr 2013) and northwestern Pittosporum undulatum 154 6.6 Mar-Oct 51 11 Apr-Oct

(NW, between 32°01'and 33°02'S Eucalyptus spp. litter 59 2.5 Apr-Sep 7 0.2 May-Sep

an)d(be;tween 57°50' ar;d 57°24' Phylllostachys sp. 27 11 May—Jun 16 0.3 Apr=lul

W) (Jul 2013-Jun 2014) Regions . ,

of Uruguay. Ligustrum lucidum 55 2.4 Apr—Sep 6 0.1 May—Jul
Myrcianthes pungens 31 13 May-Jun - - -
Cotoneaster salicifolia - - - 37 0.7 May-Sep
Cotoneaster pannosus - - - 30 0.6 May—Jul
Cotoneaster lacteus 33 1.4 Apr-Sep - -
Quercus spp. - - - 46 1.0 May Jul
Total collected 2321 100 4779 100

"Mar: March; Apr: April; Jun: June; Jul: July; Sep: September; Oct: October.

The diapause group of females was composed of those
collected during May to August (mid-autumn to mid-winter)
of the 3 years of sampling (SW1, SW2, NW), and those col-
lected in April and September (early-autumn and late-winter)
in the 2 years of sampling in SW (SW1 and SW2) (Fig 2a,
Table 4). Females of this group averaged the smallest body
length (10.2 mm), the highest lipid content (35.6%), and the
highest percentages of females with immature ovaries
(89.7%), clear pronotum band (81.2%), and clear connexivum
(85.3 %) (Table 5).

The non-diapause group was composed of females col-
lected between November and February (late-spring and
mid-summer) of the 3 sampling years (SW1, SW2, and NW)
(Fig 2a, Table 4). Females of this group averaged the largest
body length (10.6 mm) and the lowest percentages with im-
mature ovaries (3.0%), clear pronotum band (7.6%), and
clear connexivum (8.0%). Body lipid content (11.7%) was sig-
nificantly lower compared to those in the diapause group
and similar to that of the intermediate group (Table 5).

The intermediate group was composed of females collect-
ed during October and March (early-spring and late-summer)
of the 3 sampling years (SW1, SW2, and NW) and during April
and September (early-autumn and late-winter) in NW (Fig
2a, Table 4). Females of this group averaged the same body
length than those of the diapause group (10.2 mm). Other
evaluated diapause traits (body lipid content = 17.5%, imma-
ture ovaries = 23.8%, clear pronotum band = 37.5%, clear
connexivum = 39.3%) were significantly higher than those
of the diapause and significantly lower than those of the
non-diapause group.

Based on the cluster analysis, months in which females
were in diapause and non-diapause were set for each year
of sampling (SW1, SW2, and NW) (Fig 2a and Table 4).

Females collected in April and September in SW1 and SW2
were part of the diapause group, while those collected in
those months in NW belonged to the intermediate group.
The average values of all diapause traits in those months
were significantly different for both regions (Table 6).

The regression tree allows identifying the threshold of the
most critical variables to discriminate the effect in the per-
centage of females with immature reproductive organs (Fig
3a). Results indicate that the number of daylight hours was
the main abiotic factor explaining percentage variability of
females with immature ovaries: 83% with 12.1 or less hours
of daylight, and 9% with more than 12.1 hours of daylight (Fig
3a). When the hours of daylight were < 12.1, the average
monthly maximum temperature explained the differences
in the percentage of females with immature ovaries. At
23.8 °C or lower, the percentage of females with immature
ovaries was 86%, while only 18% had immature ovaries at
over 23.8 °C. At a maximum temperature of 19.2 °C or lower,
the percentage of females with immature ovaries reached
93%.

Males. The dendrogram of the hierarchical cluster analysis
shows months of the 3 years of sampling (SW1, SW2, and
NW) classified into three groups, as it occurred with females
(diapause, non-diapause, and intermediate group) (Fig 2b,
Table 4). The cophenetic correlation of this analysis was
0.856, indicating the adequacy of the correlation between
the distances defined by the metric of the binary tree
(Gower) and the original distances. The groups were statisti-
cally different from each other (Wilks statistic = 0.08, Fg g, =
19.47, p < 0.0001) for the Hotelling Vector Comparison test
corrected by Bonferroni. The cross classification of the
groups performed by discriminant analysis estimated a total
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0,00 024 048 0,72 0,96
Oct-SW2
Mar-SW2
Oct-NW
Mar-SW1
Mar-NW
Oct-SW1

§W2
W1
. : s'ﬁgy-N\V
Fig 2 Dendogram obtained by Sep-SW2

; - - May-SW2
hierarchical cluster analysis SW1

(complete linkage method, NW ——
Gower’s distance similarity) of R = . ,
the diapause traits of Piezodorus 0.00 025 049 0.74 09
guildinii adults. a Females. b

Males. |, intermediate; D,

diapause; ND, non-diapause. |. ' @° @ ml

Table 4 Predominant

physiological stage of the adults Sex Regi10n/ Month

of Piezodorus guildinii (females year

and males) collected monthly in Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
the Southwest (between 33°55’

and 34°17'S and between 57°13' Females  SW1, SW2 ND? ND | D D D D D D | ND ND
and 57°46'W) and Northwest NW ND ND I I D D D D I I ND ND
(between 32°01°and 33°02S and a6 sy ND ND ND | D D D D I ND ND ND
between 57°50" and 57°24'W)

Regions of Uruguay. SW2,NW ND ND ND | | D D D I ND ND ND

"SW1: Southwest, year 2011/2012; SW2: Southwest, year 2012/2013; NW: Northwest, year 2013/2014.
> ND: non-diapause; D: diapause; I: intermediate.
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Table 5 Mean (£SE) of diapause

traits of females and males Group

Piezodorus guildinii for diapause,

non-diapause, and intermediate Sex D ND |

groups determined by cluster Mean +SE  Range Mean + SE  Range Mean +SE  Range

analysis. Females  BL(mm)  10.2%0.1 9.7-10.6 10.6 £ 0.1 104111 10.2+0.2  9.0-10.9
LC (%) 35.6 £1.2 26.8-41.8 11.7+0.9 7.1-16.8 17.5 £ 0.9 13.1-21.3
10 (%) 89.7t2.7 66.7-100 3.0t1.4 0-16.7 23.8 £ 5.1 6.8-53.5
CPB (%) 81.2+5.0 36.1-100 7.6+22 13.9-24.9 37.5+3.6 24.3-51.7
CC (%) 85.3%5.0 33.3-100 8.0%1.6 0-19.0 39.3+6.7 20.2-68.1

Males BL(mm) 9.9+ 0.1 9.6-10.3 10.1% 041 9.6-10.4 9.8+0.2 8.8-10.4

LC (%) 38315 27.1-42.7 14.7+13 7.5-26.6 282+28 15.4-39.0
IT (%) 79.9%3.9 55.6-100 13.913.2 0-47.0 61.9t5.5 34.0-83.3
CES (%) 97.8+1.2 88.9-100 24.8+4.2 0-58.3 66.1+3.3 56.0-79.2

D diapause, ND non-diapause, | intermediate, BL body length, LC body lipid content, /O percentage of females
with immature ovary, CPB percentage of females with clear pronotum band, CC percentage of females with
clear pronotum band, IT percentage of males with immature testes, CES percentage of males with collapsed

ectodermal sac.

error of 7.41%, with errors of 5.56, 6.67, and 22.22% in the
differentiation of the diapause, non-diapause, and interme-
diate groups, respectively.

The diapause group was composed of the males collected
in May in SW1, and June to August (late-autumn to mid-
winter) of the 3 years of sampling (SW1, SW2, and NW) (Fig
2b, Table 4). Males of this group averaged a smaller body
length (9.9 mm) than those in the non-diapause group, and
the highest percentages of body lipid content (38.3%), im-
mature testes (79.9%), and collapsed ectodermal sac (97.8%)
(Table 5).

The non-diapause group was composed of males collected
from October to March (spring-summer) of the 3 years of
sampling (SW1, SW2, and NW) (Fig 2b, Table 3). Males aver-
aged the largest body length (10.1 mm), the lowest body lipid
content (14.7%), and the lowest percentages of immature tes-
tes (13.9%) and collapsed ectodermal sac (24.8%) (Table 5).

The intermediate group was composed of males collected
during April and September (early-fall and late-winter) of the
3 years of sampling (SW1, SW2, and NW), and those collected
during May in SW2 and NW. Males averaged small body

length (9.8 mm), similar to those of the diapause group.
Mean values of the body lipid content (28.2%), and the per-
centage of males with immature testes (62.0%) and col-
lapsed ectodermal sac (66.1%) were intermediate in relation
to the diapause and non-diapause groups.

Based on the cluster analysis, males in diapause and non-
diapause were set for each month/year and location of sam-
pling (SW1, SW2, and NW) (Fig 2b and Table 4). Males col-
lected in May in SW1 were part of the diapause group, while
those collected in the same month in SW2 and NW belonged
to the intermediate group. The percentages of males with
immature testes and collapsed ectodermal sacs were signif-
icantly higher in SW1 as compared to SW2 and NW. Lipid
content, however, was similar in all three cases (Table 7).

The regression tree (Fig 3b) allows to identify the threshold
of the most critical variables to discriminate the effect in the
percentage of males with immature testes. Results indicate that
the number of daylight hours was the main abiotic factor in
explaining the variability in the percentage of males with imma-
ture testes: 72% with 12.1 or less hours of daylight, and 14% with
more than 12.1 h of daylight (Fig 3b). When daylight was <12.1h,

Table 6 Diapause traits means

(+SE) of females Piezodorus Month-region®

Diapause traits’

guildinii collected during April

and September in southwestern BL (mm) LC (%) 10 (%) CPB (%) CC (%)
(between 33°55" and 34°17'S and
between 57°13' and 57°46'W) and Apr-SW 10.4+0.3 31.7+2.6 82.6+4.7 80.1%0.9 79.0+9.6
northwestern (between 32°01' Apr-NW 9.0 + 0.1 18.6 £ 4.9 17.6 5.3 34.2+4.9 20.6% 4.5
and 33 02 s and I?etween 57’50 Sep-SW 10.4 0.2 33.6 4.7 91.7+8.4 100.0 £ 0.0 100.0 £ 0.0
and 57°24'W) Regions of

Sep-NW 9.7+ 0.04 15.9 + 0.9 31.9 £17.6 51.7 £ 0.9 52.6 + 1.0

Uruguay.

"BL body length, LC body lipid content, /O percentage of females with immature ovary, CPB percentage of
females with clear pronotum band, CC percentage of females with clear connexivum

2 Apr: April; Sep: September.

SW1: Southwest, year 2011/2012; SW2: Southwest, year 2012/2013; NW: Northwest, year 2013/2014.
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tmax (<= 23.8 °C; n=17)

86 %

tmax (<= 19.2 °C; n=11)
93%

day-light (<= 12.1 h; n=18)
72 %

Fig 3 Regression tree for
percentage of adults of ¥,
Piezodorus guildinii with

immature reproductive organs. a

Females. b Males. 80 %

the mean monthly maximum temperature explained the differ-
ences in the percentage of males with immature testes. The
percentages of males with immature testes were 80% at 19.2 °C
or lower, and 59% at over 19.2 °C.

Discussion

In the studied regions, adults showed the same prefer-
ences in colonizing plant species (alfalfa almost

@ Springer

day-light (<= 12.1 h; n=18)

83%

(n=36)

day-light (> 12.1 h; n=18)
9%

\

tmax (>23.8 °C; n=1)
18%

tmax (<= 25.6 °C; n=5) tmax (>25.6 °C; n=13)

12% 3%

tmax (>19.2 °C; n=6)
73%

(n=36)

\

\

day-light (> 12.1 h; n=18)
14 %

/
/

/

tmax (<= 19.2 °C; n=11) tmax (>19.2 °C; n=7) day-light (<= 12.6 h; n=3) day-light (> 12.6 h; n=15)

59 % 29% 11%

throughout the year, and P. undulatum during diapause),
and in hibernation sites (Eucalyptus spp. litter during
diapause). However, there were differences between
regions when adults initiated colonization, and in the
period during which they remained in the different plant
species and overwintering sites. Colonization of
P. undulatum and hibernation in SW started a month
earlier than in NW. Adults remained in alfalfa for a lon-
ger period in NW (12 months) than in SW (10-11 months);
this indicates that alfalfa may play a key role in the life
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Table 7 Diapause traits means (xSE) of males Piezodorus guildinii
collected during May in southwestern (between 33°55' and 34°17'S
and between 57°13' and 57°46'W) and northwestern (between 32°01'
and 33°02'S and between 57°50" and 57°24'W) Regions of Uruguay.

Month-region®>  Diapause traits’

BL(mm)  LC (%) IT (%) CES (%)
May-SW1 9.9+01 350%52 796%6.7 100.0%0.0
May-SW2 9.9+01 303%33 60.3%20 79.2 £5.1
May-NW 9.4*0.2 36453 664+88 679+85

"BL body length, LC body lipid content, /T percentage of males with
immature testes, CES percentage of males with collapsed ectodermal
sac.

2SW1: Southwest, year 2011/2012; SW2: Southwest, year 2012/2013;
NW: Northwest, year 2013/2014.

history of P. guildinii. One of the aspects to consider in
the development of integrated pest management strate-
gies is the management of plant biodiversity. In the par-
ticular case of the stink bugs, the management of host
plants is fundamental (Panizzi & Silva 2009). According
to the results obtained in the field and in the laboratory,
Zerbino et al (2015, 2016) established that implementing
management tactics during spring on alfalfa may be suc-
cessful in reducing bug populations prior to their coloni-
zation of soybean.

Adults of P. guildinii collected in SW and NW in
different months showed differences in physiological
(development of reproductive organs and body lipid
content) and morphological (body length and body col-
or in females) traits. Zerbino et al (2015) reported that
this insect used diapause as a strategy to face unfavor-
able conditions in SW. Our result indicates that in NW,
the insect also faces unfavorable environmental condi-
tions as an adult in reproductive diapause, which was
expected due to the small differences in the daylight
conditions between both regions throughout the year.

Piezodorus guildinii, like many pentatomids, responds in
different ways to day length; such physiological responses
are called photoperiodic responses (PhPR) (Musolin &
Saulich 2018, Zerbino et al 2013, 2014, 2015). Studies with
different species of stink bugs indicate that diapause is in-
duced when photophase is < 12 h (Ali & Ewiess 1977,
Albuquerque 1989, 1993, Hodek & Hodkova 1993,
Kobayashi & Numata 1995, Nakamura & Numata 1997,
Mourdo & Panizzi 2002, Chocorosqui & Panizzi 2003,
Musolin & Numata 2003, Niva & Takeda 2003, Zerbino
et al 2013, 2014). In our study, the threshold of daylight hours
for both sexes was 12.1. The percentage of adults with imma-
ture reproductive organs increased significantly below this
value, which coincides with the results obtained in the labo-
ratory (Zerbino et al 2013, 2014). A critical photoperiod
determines the timing to switch from a reproducing

population to a diapausing one, thus acting as a cue for the
cessation of active development and the transition to sea-
sonal dormancy (Musolin & Saulich 2018).

According to the annual variation of the evaluated dia-
pause traits, three distinct groups were characterized: dia-
pause, non-diapause, and intermediate. Additionally, for
each year, it was possible to establish the months that de-
fined these groups. Adults in the diapause group had a small
body size, with high body lipid content, immature reproduc-
tive organs, and females, in particular, had clear coloration
pronotum band and connexivum. The opposite was ob-
served to the non-diapause group. Adults in the intermediate
group had a body size similar to the adults in diapause, but
the values of lipid content, the percentages of adults with
immature reproductive organs and females with a clear type
of pronotum band and connexivum were intermediate be-
tween those recorded in the diapause and non-diapause
groups.

Geographical variation in diapause response allows for the
efficient exploitation of development and reproduction
resources in different environments, especially in species
with wide distribution (Schebeck et al 2017, Posledovich
et al 2015). In this study, we found differences between
regions (SW and NW) at the beginning and the end of the
diapause.

Each group of females in SW (diapause, non-diapause,
and intermediate) in the 2 sampling years (SW1 and SW2)
comprised the same months. April (early-autumn) was the
first month in which a high percentage of females was in
diapause (SW1 = 78% and SW2 = 87%). The average maxi-
mum temperatures recorded in that month were 21.5 °C in
SW1 and 23.5 °C in SW2. Females collected in SW in April
(early-autumn) and September (late-winter) exhibited a sig-
nificantly higher frequency of immature ovaries and clear
pronotum band and connexivum than those collected in
NW. This defined that the females collected in April and
September in SW were part of the diapause group, while
those collected in NW belonged to the intermediate group.
Thus, the diapause period of females in SW is longer than in
NW; the beginning and the end of the period are 1 month
earlier and 1 month later, respectively. When the length of
diapause increases at higher latitudes, there is a change in
voltinism (e.g., from two to one generations per year) along
the latitudinal gradient (Posledovich et al 2015).

The differences found are explained by the maximum av-
erage temperature recorded in both regions in April and
September. The maximum temperatures in April in SW dur-
ing the 2 years (SW1 = 21.5 °C, SW2 = 23.5 °C) were lower
than those in NW (24.2 °C). The same pattern of temperature
occurred in September (SW1 =20 °C, SW2 =19 °C, and NW =
21 °C). The maximum temperatures registered during the
winter months (June—August) in NW were higher than those
registered in SW. With an earlier resumption of seasonal
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development in spring, a faster development during sum-
mer, and a later termination of reproductive activity in au-
tumn, the number of generations per year may increase
(Musolin & Saulich 2018).

There were also differences in the composition of the
diapause and intermediate groups for males. In May (mid-
autumn), the percentage with immature reproductive organs
was significantly higher in SW1 than in SW2 and NW; this
determined that SW1 belonged to the diapause group, while
SW2 and NW belonged to the intermediate group. This dif-
ference may likely be associated with the maximum average
temperature recorded in that month; in SW1 (18.3 °C), it was
lower than in SW2 (20.6 °C) and NW (19.5 °C). It is notewor-
thy that, throughout the year, the minimum air temperature
in NW is lower than in SW.

The majority of insect species in the temperate zone is
characterized by the potentially multi-voltine seasonal cycle
with a facultative winter adult diapause regulated by the
PhPR of diapause induction of the long-day type. This occurs
in the regions with moderate humidity and temperatures at
middle and low latitudes, given the optimal trophic condi-
tions and the choice of host plants (Saulich & Musolin 2018).

The effect of temperature as a modifier of the PhPR
during diapause induction seems to be important and
widespread (Numata et al 1993, Hodek & Hodkova
1993, Kobayashi & Numata 1995, Niva & Takeda 2003,
Saulich & Musolin 2012, Musolin & Saulich 2018). The
main factors limiting the number of generations are food
and temperature (Musolin & Saulich 2018). High temper-
atures can strongly suppress the effect of day length and
even completely prevent the induction of winter dia-
pause in some species (Saulich & Musolin 2018). The
data from many insect species shows that within a range
of 20 to 27 °C, a temperature shift of 5 °C can cause a
shift in critical photoperiod of approximately 1 h
(Danilevsky 1961). On the other hand, low temperatures
enhance the tendency towards winter diapause and all
individuals enter diapause irrespective of the preceding
day length (Musolin & Saulich 2018). The results
obtained in our study allow to establish that when the
number of daylight hours is < 12.1, for females and males
to be in diapause, it is necessary to record maximum
temperatures below 23.8 °C and 19.2 °C, respectively.

In laboratory studies, Zerbino et al (2013, 2014) demon-
strated that the photoperiodic response of P. guildinii was
influenced by the decrease of temperature as in other insect
species (Danks 1987, Cho et al 2008; Saulich & Musolin 2012).
The accumulation of lipids was more pronounced in adults
raised at a 10-h photophase and 20 °C than in those reared at
25 °C; under short photophase, high temperatures delay the
accumulation of lipids. Females significantly increased the
tendency to enter into a reproductive diapause when reared
in short photophase (10 h) and at 20 °C. The percentages of
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females (15 to 30 days old) with immature ovaries were sig-
nificantly higher under a short photophase at 20 °C than at
25 °C. In our study, the effects of temperature under short
photoperiod conditions on the development of reproductive
organs were less pronounced for males than for females. The
lowest temperature evaluated (20 °C) was above the thresh-
old temperature determined (19.2 °C).

The different temperature requirements of each sex de-
termine that the diapause duration is longer in females.
Zerbino et al (2015) established that P. guildinii male dia-
pause is shorter and/or less intense than female diapause.
Therefore, males are physiologically ready to start reproduc-
tion earlier in the season than females. The proportion of
females with immature ovaries between early-autumn and
late-winter (April-September) was higher than 80%, while
the proportion of males with immature testes from mid-
autumn to late-winter (May—-September) was higher than
70%.

In conclusion, results obtained elucidate which are the
main host plants and overwintering niches, and the oc-
currence of geographical variation in the diapause re-
sponse of P. guildinii in Uruguay. Alfalfa, P. undulatum
and Eucalyptus spp. litter are the preferred habitats. In
alfalfa, adults are found throughout the year; therefore,
population management in this crop during the spring
can reduce the impact of P. guildinii on the ensuing
crops, for example, soybean. The two studied regions
do not have important differences in the number of day-
light hours. The differences recorded at the time of the
beginning and the end of diapause are associated with
the average maximum air temperature. When the num-
ber of daylight hours is equal or less than 12.1, it is nec-
essary to record average maximum temperatures below
23.8 °C and 19.2 °C, for most females and males to begin
the diapause stage. As a consequence of the thermal
requirements of adults and the maximum temperatures
recorded, the diapause period in SW may be longer than
that in NW. These results suggest that the time to apply
management practices in forage legumes with the pur-
pose of reducing P. guildinii populations may differ
depending of the region.
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