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1  | INTRODUC TION

Diapause is defined as a physiological state of suppressed devel-
opment induced by environmental stimuli, mainly temperature 
and photoperiod (Beck,  1962), allowing the individuals to deal 
with environmental fluctuations, synchronizing the life cycle with 
food and optimal climatic conditions availability (Mansingh,  1971; 
Müller, 1965, 1970).

The univoltine life cycle of Philaenus spumarius L. (Hemiptera: 
Aphrophoridae), the main European vector of Xylella fastidiosa 
(Cornara et  al.,  2016, 2017), is characterized by two obligate sep-
arate ovarian and overwintering diapauses (Avosani et  al.,  2021; 
Müller, 1979). The availability of a single generation per year is one 
of the main constrains for the research dealing with the tripartite 
interaction vector-bacterium-host plant. Witsack (1973) related the 
long preoviposition period in P. spumarius with a thermally or pho-
toperiodically induced ovarian dormancy. Namely, he observed that 
short days accelerate ovarian development, while long days slow 
it down to complete stagnation, also termed parapause. Morente 
et al.  (2018) succeeded in shortening the P.  spumarius life cycle in 

3 months compared to field conditions in Central Spain. The authors 
of the mentioned study used eggs laid in June and September, ob-
taining an F1 generation only from the latter. They proposed that the 
eggs laid in June were likely not fertilized, as female ovaries were still 
undergoing an ovarian parapause.

Here, we modified and improved the indoor rearing protocol pro-
posed by Morente et al. (2018) by inducing the breakage of females' 
parapause before they started to mate. Thus, we were able to speed 
up the life cycle of P.  spumarius, which was completed in approxi-
mately 5 months (from adult to adult).

2  | MATERIAL AND METHODS

We initially obtained F0 adult individuals reared following the meth-
odology described by Morente et al. (2018). Newly emerged adults 
were promptly sorted by sex in order to avoid mating and caged on 
3-week-old Sonchus oleraceus L. plants (10 adults per plant). The 
180 males used in the assay were kept under controlled conditions: 
24:18°C (L/D), a photoperiod of 16:8 (L/D) and 60% RH (hereinafter 
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F I G U R E  1   Methodology applied in the study (from newly emerged adults to the temperature treatments applied to the eggs). Sc: spring 
conditions, Pb: parapause breakage
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referred as ‘spring conditions’) (Figure  1). Immediately after emer-
gence, females were separated in two groups: the group (I) (72 fe-
males used as control) was reared under spring conditions, while 
the group (II) (72 females) was split in three cages (24 females caged 
on four S. oleraceous plants per cage) and subjected to a treatment 
aimed at inducing the ovarian parapause breakage (hereinafter re-
ferred as ‘parapause breakage treatment’) (Figure 1). Briefly, females 
of group (II) were kept for a week in a growth chamber under a tem-
perature of 24:18°C (L/D), a photoperiod 16:8 (L/D) and 60% RH. 
Thereafter, photoperiod was shortened to 12:12 (L/D) while main-
taining temperature and humidity constant (Figure 1). Females be-
longing to each group (I and II) were furtherly split in four treatments 
(six females per group), each one exposed to the short daylight for a 
different time period, namely 9, 15, 24 and 30 days. Similarly, males 
and females under spring conditions were subjected to the treat-
ment short daylight for different time periods (group I: photoperiod 
12:12 (L/D) and group II: photoperiod 16:8 (L/D) (Figure 2).

After the short daylight treatment, adults were sorted in mating 
groups of four males and two females (from the parapause break-
age treatment or the spring conditions) and caged on S.  oleraceus 
plants (one group per plant) with the pot substrate covered with 
dry pine needles as oviposition substrate (Weaver & King,  1954). 
Then, mating groups were subjected to four changes of tempera-
ture and photoperiod every 3 days from 25°C and photoperiod 16:8 
(L/D) to 10°C and photoperiod 12:12 (L/D), keeping RH constant 
(90% RH) (Figure  1). Mating groups were kept at 10°C, a photo-
period of 12:12 and 90% of humidity until all the individuals were 
dead. We repeated the procedure three times (from mid-June to 
mid-September) with three replicates (cages) for the control group 
(spring conditions) and three replicates (cages) for each experimental 
group (parapause breakage) (thus three cages with four males and 
two females each) per time (defined as ‘temporal replicate’ in Table 1 
and Figure 2).

The egg masses obtained were split in two groups. The group (a) 
was maintained at 15°C, photoperiod 14:10 (L:D) and humidity close 
to 90% (Weaver & King, 1954) until eclosion, while the group (b) was 
exposed to the diapause breakage protocol described by Morente 
et  al.  (2018) (Figure  1). Briefly, egg masses were kept for 100  days 
at 5°C and photoperiod 12:12. Thereafter, temperature and day-
light hours were gradually raised to 15°C and 14:10 (L/D) (90% RH 

maintained constant). Egg hatching was monitored once per week, 
and the emerged nymphs were moved to a 3-week-old S. oleraceus 
plant (5–10 nymphs per plant) and reared at 15°C, photoperiod 14:10 
L/D and 90% RH. All S.  oleraceus plants used for nymphs were re-
placed weekly. The adults emerged were caged on 3-week-old S. ol-
eraceus plants at 24:18°C L/D of temperature and a photoperiod of 
14:10 L/D.

3  | RESULTS

Females subjected to the parapause breakage treatment for either 
24 days or 30 days produced viable eggs, while females exposed to 
short daylight for 9 and 15 days did not. We additionally monitored 
the development of the nymphs obtained from females exposed to 
the parapause breakage (reduced daylight) for 24  days until adult 
emergence. In the case of females subjected to the parapause break-
age treatment, first egg masses were observed 2 weeks after the for-
mation of the mating pairs. Eggs were laid continuously for a period 
of approximately 2 months. The eggs maintained at 15°C constant 
began hatching roughly 2  months after the oviposition, while eggs 
under a temperature of 5°C for 100 days, then 15°C, took at least 
3 months to hatch (Table 1). Data obtained from the short daylight of 
24 days with the different rearing protocols tested, that is number of 
eggs laid and hatched, nymph's survival, and adult's emergence and 
survival, are summarized in Table 1. Egg hatching occurred progres-
sively in both cases. First adults of P. spumarius emerged ca. 5 months 
after the beginning of the experiment (newly emerged F0 females ex-
posed before mating to short daylight for 24 days) (Figure 3).

On the contrary, the first oviposition by females kept under 
spring conditions (group (I)) occurred 2 months after the formation 
of the mating pairs (Table 1). In this case, eclosion took place from 
3 to 5 months after the oviposition regardless of the temperature 
and first adults emerged roughly 5 weeks after hatching. Therefore, 
when females were kept under spring conditions, the meadow spit-
tlebug required approximately 7 months and 2 weeks to complete 
its life cycle. Moreover, females exposed to the parapause breakage 
treatment produced more than twice the eggs than females under 
spring conditions, with an eclosion rate of 71%, and an adults' emer-
gence of 54% (Table 1).

F I G U R E  2   Experimental design. In 
every temporal replicate (June 15, July 19 
and September 14), females of Philaenus 
spumarius were subjected to four short 
daylight treatments: 9, 15, 24 and 30 days. 
Three replicates (reps) were used for the 
group I (spring conditions) and three for 
the group II (parapause breakage)

Temporal replicates

1: June 15
2: July 19
3: September 14

3 reps 3 reps 3 reps 3 reps

9 15 24 30

Treatment period (days)

Spring 
condi�ons
(group I)

Parapause 
breakage
(group II)

3 reps 3 reps 3 reps 3 reps

9 15 24 30

16:8
24:18°C

12:12
24:18°C



4  |     MORENTE et al.

TA B L E  1   Number of egg masses, eggs, nymphs hatched and adults emerged for the parapause breakage treatment (photoperiod 
12:12 and temperature 24:18 L/D for 24 days) and the spring conditions treatment (photoperiod 14:10 and temperature 24:18 L/D for 
24 days)

Temporal replicate No. of females
Date of 
oviposition

No. of egg masses No. of eggs Date of hatch No. of nymphs No. of adults emerged

Parapause 
breakdown

Spring 
conditions

Parapause 
breakdown Spring conditions

Parapause breakdown Spring conditions

Parapause 
breakdown Spring conditions

Parapause 
breakdown Spring conditions

15°C 5°C 15°C 5°C 15°C 5°C 15°C 5°C 15°C 5°C 15°C 5°C

1: June 15 6 July–05 2 0 7 5 0 0 October–30/November–20 — 7 5 0 0 7 5 0 0

July–23 4 0 15 17 0 0 October–22/November–16 — 15 11 0 0 9 0 0 0

July–31 4 0 13 14 0 0 October–15/January–01 — 13 4 0 0 3 3 0 0

2: July 19 6 August–07 4 0 30 25 0 0 October–11/December–13 — 25 15 0 0 15 9 0 0

August–28 3 0 4 5 0 0 October–30/December–05 — 1 3 0 0 0 2 0 0

September–14 1 2 7 0 4 3 October–11/October–22 Not hatched 3 0 0 0 1 0 0 0

3: September 14 6 September–27 1 3 0 3 9 8 Not hatched February–07/February–28 0 0 3 1 0 0 0 0

October–04 4 2 16 12 9 13 December–20/January–11 February–21/February–28 2 0 9 11 1 0 0 0

October–11 0 3 0 0 6 5 — January–11/February–14 0 0 6 2 0 0 2 0

Total 23 10 92 81 28 29 66 38 18 14 36 19 2 0

% 71% 47% 64% 48% 54% 50% 11% 0%

Note: Egg masses obtained from F0 females were split in two groups, the first stored at 15°C and the second under the diapause breakage 
conditions (indicated as 5°C) (Morente et al., 2018). Date of hatch includes the first and the last day of egg hatching per date and treatment 
(15°C and 5° together). Percentages (in bold): eggs hatching rate (no. nymphs hatched/no. eggs laid) and adults emergence rate (no. adults 
emerged/no. of nymphs) per treatment.

F I G U R E  3   Protocol of indoor rearing 
of Philaenus spumarius. Improvement 
of the Morente et al., 2018 protocol 
by adding the parapause breakage and 
the egg temperature treatment of 15°C 
constant
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4  | DISCUSSION

Here, we demonstrate that the ovarian parapause breakage, that is 
the exposure of newly emerged females to short daylight conditions 
for at least 24 days, is a key step in order to shorten the life cycle of 
P. spumarius and obtain more than one generation per year, consist-
ently with previous studies (Witsack, 1973). This protocol permits 
to remarkably shorten the female's receptiveness to 24 days, while 
in nature this process lasts several months (Avosani et  al.,  2021; 
Weaver & King, 1954). Hence, females are fertile in 31 days and first 
eggs are laid 40 days after the adults emergence. Additionally, we 
observed that females exposed to the parapause breakage treat-
ment laid overall more eggs in a shorter time than those not exposed 
to short daylight conditions, with F1 adults showing a greater sur-
vival rate (Table 1).

The protocol proposed by Morente et al. (2018) for the indoor 
rearing of P. spumarius already reduced the time required to com-
plete the spittlebug life cycle in 3 months compared to field con-
ditions observed in Central Spain (roughly 1 year). The addition to 
the previous protocol of the parapause breakage treatment be-
fore mating pairs allowed us to furtherly shorten this time, with 
one generation (from F0 adult emergence to F1 adult emergence) 
requiring approximately 5  months for completion (Figure  2) and 
therefore potentially providing almost three generation per year 
under controlled conditions. Moreover, in contrast to Morente 
et al. (2018), we obtained nymphs from the eggs exposed to 15°C. 
According to Weaver and King (1954), we observed an earlier 
hatching date of eggs exposed to a constant temperature of 15°C 

which, hatched 1 month earlier than the eggs under the diapause 
breakage treatment. Thus, the protocol proposed in this study in-
cluding the female's parapause breakage and a shorter period of 
egg development are essential to shorten the life cycle of P. spu-
marius. In addition, a greater eclosion rate was observed for egg 
masses kept at a constant temperature of 15°C than the diapause 
breakage treatment.

In conclusion, the protocol of Morente et al.  (2018) can be im-
proved by exposing newly emerged females to the parapause break-
age treatment and by keeping the egg masses obtained at a constant 
temperature of 15°C, a photoperiod of 14:10 and 90% RH (Figure 3). 
Eventually, the progressive overlapping of different generations 
under indoor conditions may result in a constant supply of nymphs 
and adults throughout the year.
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TA B L E  1   Number of egg masses, eggs, nymphs hatched and adults emerged for the parapause breakage treatment (photoperiod 
12:12 and temperature 24:18 L/D for 24 days) and the spring conditions treatment (photoperiod 14:10 and temperature 24:18 L/D for 
24 days)

Temporal replicate No. of females
Date of 
oviposition

No. of egg masses No. of eggs Date of hatch No. of nymphs No. of adults emerged

Parapause 
breakdown

Spring 
conditions

Parapause 
breakdown Spring conditions

Parapause breakdown Spring conditions

Parapause 
breakdown Spring conditions

Parapause 
breakdown Spring conditions

15°C 5°C 15°C 5°C 15°C 5°C 15°C 5°C 15°C 5°C 15°C 5°C

1: June 15 6 July–05 2 0 7 5 0 0 October–30/November–20 — 7 5 0 0 7 5 0 0

July–23 4 0 15 17 0 0 October–22/November–16 — 15 11 0 0 9 0 0 0

July–31 4 0 13 14 0 0 October–15/January–01 — 13 4 0 0 3 3 0 0

2: July 19 6 August–07 4 0 30 25 0 0 October–11/December–13 — 25 15 0 0 15 9 0 0

August–28 3 0 4 5 0 0 October–30/December–05 — 1 3 0 0 0 2 0 0

September–14 1 2 7 0 4 3 October–11/October–22 Not hatched 3 0 0 0 1 0 0 0

3: September 14 6 September–27 1 3 0 3 9 8 Not hatched February–07/February–28 0 0 3 1 0 0 0 0

October–04 4 2 16 12 9 13 December–20/January–11 February–21/February–28 2 0 9 11 1 0 0 0

October–11 0 3 0 0 6 5 — January–11/February–14 0 0 6 2 0 0 2 0

Total 23 10 92 81 28 29 66 38 18 14 36 19 2 0

% 71% 47% 64% 48% 54% 50% 11% 0%

Note: Egg masses obtained from F0 females were split in two groups, the first stored at 15°C and the second under the diapause breakage 
conditions (indicated as 5°C) (Morente et al., 2018). Date of hatch includes the first and the last day of egg hatching per date and treatment 
(15°C and 5° together). Percentages (in bold): eggs hatching rate (no. nymphs hatched/no. eggs laid) and adults emergence rate (no. adults 
emerged/no. of nymphs) per treatment.
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