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Abstract The tomato leafminer, Tuta absoluta (Lepi-
doptera: Gelechiidae), is a widespread devastating pest
reported to develop on economically important solana-
ceous plants. The characterization of its effective host range
could help to understand and prevent the dispersion behavior
of the insect in the environment. In this study, the ability of T.
absoluta to locate and develop on wild (Solanum nigrum,
Atropa belladonna, Datura stramonium) and cultivated
(Solanum tuberosum) solanaceous plant species under lab-
oratory conditions was assessed. Dual-choice behavioral
assays performed in flying tunnels (S. fuberosum vs. another
plant) revealed that adult distribution and female oviposition
did not differ between Solanum species, which were pre-
ferred to the other tested plants. The volatile molecules
released by each tested plant species provide some expla-
nations in the observed behavioral discrimination: S. nigrum
and S. tuberosum volatile profiles were similar and were
presenting quantitative and qualitative differences with the
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other tested solanaceous plants. To determine whether the
host plant choice was adaptive or not, we have finally con-
ducted fitness assays, by rearing 7. absoluta larvae on each
plant species and have shown that Solanum species allowed
higher larval survivability and lower development time
(from egg to adult emergency) compared to the other plants.
We conclude that Solanum species are suitable host plants
for T. absoluta, but other solanaceous plant species could be
opportunistically colonized with fewer incidences.

Keywords Scrobipalpuloides absoluta - Solanaceae -
Host plant - Potato - Black nightshade - Plant volatile
organic compound

Introduction

The tomato leafminer, Tuta absoluta (Lepidoptera:
Gelechiidae), is a widespread invasive species originated
from South America and damaging economically
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important tomato crops (Solanum lycopersicum L., Sola-
naceae) (Desneux et al. 2010). Larvae feed on the meso-
phyll of all aerial parts of the plants, as well as on the fruits,
resulting in significant yield losses, cosmetic damages, and
rot diseases to fresh market tomatoes. During the last
decade, the pest has spread worldwide and is now a serious
threat to commercial tomato production in South and
Central America as well as in Europe (Desneux et al. 2010,
2011; Tropea Garzia et al. 2012). Since its introduction in
Europe in 2006, the moth is reported on the EPPO A2 list
of species recommended for regulation as quarantine pests
(EPPO/OEPP 2014).

The emergence of an alien invasive phytophagous insect
within a geographical range is determined by its ability to
localize and successfully develop on new hosts. Host range
is constrained by the behavioral and physiological traits of
the insect (Suckling et al. 2014). Although causing large
injuries on tomatoes, 7. absoluta is considered as a poly-
phagous leafminer that can also develop on alternative hosts
such as cultivated Solanaceae including eggplant (Solanum
melongena L.), sweet pepino (Solanum muricatum L.),
potato (Solanum tuberosum L.), and tobacco (Nicotiana
tabacum L.) (Desneux et al. 2010, 2011). Wild plant species
have also been cited to be potential hosts for the develop-
ment of the pest, such as deadly nightshade (Atropa bel-
ladonna L.), Jimson weed (Datura stramonium L.), and
black nightshade (Solanum nigrum L.) (Desneux et al. 2010,
2011; Tropea Garzia et al. 2012), that can be found indif-
ferently in croplands, wastelands, logging, and urban areas
(Lambinon et al. 2004). In this context, host plant species in
the wild could provide reservoirs or refuges for 7. absoluta.

Host range prediction is a key step for risk assessment
that determines whether an invasive alien species should be
eradicated, managed, or tolerated (Suckling et al. 2014).
However, little is known about the effective developmental
and reproductive capacity of 7. absoluta on most of the
agricultural and non-cultivated plants that are reported as
potential hosts in the literature. The characterization of its
host range could help to understand and prevent the dis-
persion behavior of the insect in the environment for more
efficient integrated management strategies.

In the present study, we investigated whether non-cul-
tivated Solanaceae could act as refuges or reservoirs for 7.
absoluta. Previous works having demonstrated the ability
of T. absoluta to efficiently develop and reproduce on S.
tuberosum (Caparros Megido et al. 2013), we have first
conducted dual-choice bioassays to evaluate the attrac-
tiveness of different wild solanaceous plant species. Plant
volatile organic compounds (VOCs) were characterized for
each tested wild Solanaceae species to provide explana-
tions regarding host location preferences. Finally, the
ability of each plant species to sustain 7. absoluta larvae
was assessed.
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Materials and methods
Plant and insect material

Tomato (Solanum lycopersicum cv. Moneymaker), potato
(Solanum tuberosum cv. Charlotte), and wild solanaceous
plants (Atropa belladonna, Datura stramonium, Solanum
nigrum) were cultivated in a greenhouse (25 £ 5 °C) in
plastic pots (20 cm diameter x 20 cm height) filled with
loam (VP113BIO; Peltracom, Belgium) and grown with a
16L:8D photoperiod. The plants were watered once every
2 days.

In July 2011, 200 third-instar larvae of the tomato
leafminer, Tuta absoluta, were collected from a commer-
cial tomato plantation located in Saint-Andiol (France) and
were subsequently kept under laboratory conditions at
24 £ 1 °C, 60-70 % RH, and with a 16L:8D photoperiod.
T. absoluta colony was maintained on tomato in net cages
(46.5 x 46.5 x 46.5 cm). Caterpillars were provided with
fresh plants three times a week until pupation.

Behavioral assays

Flying tunnels (232.5 cm x 46.5 cm x 46.5 cm) were
used to study the preferences of 7. absoluta reared on
tomato plants toward different solanaceous plants (Solanum
tuberosum cv. Charlotte, versus Atropa belladonna, Datura
stramonium or Solanum nigrum; 4 weeks old). The tunnels
were divided into three areas (Caparros Megido et al. 2014):
a central area for insect release and two areas at opposite
sites containing the plants. Twenty newly emerged T.
absoluta adults were placed in the neutral area at a distance
of 116.5 cm from each plant. After 48 h, the number of
males, females, and eggs laid on each plant was counted.
Forty-eight hours allow the couples to explore the tunnel
and to mate, and also allow the females to lay eggs in suf-
ficient numbers on one of the two plants. Each plant com-
bination was randomly tested five times (for a total of 100
insects tested per dual-choice assay). The experiments were
carried out under laboratory conditions (20 £ 1 °C,
65 = 5 % RH, and a 16L:8D photoperiod under cool white
LED lights (77 pmol/sqm/s)). These conditions were
monitored using an automatic datalogger (HOBO RH/
TEMP 8 K; Onset Computer Corporation, Bourne, MA,
USA).

Collection of plant volatiles

Entire 4-week old plants (n = 4 for each species) were
separately placed into 40-L glass jars that were closed with
a glass lid. Before volatile collection, each glass and
Teflon® pipe used to connect the experimental setup was
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washed with Extran® solution (MA 01; Merck, Darmstadt,
Germany). In addition, each plant pot was wrapped in alu-
minum foil to avoid contamination from the pot and the soil.
A pull air pump (Escort EIf® Pump, MSA, Pittsburgh, PA,
USA) provided constant airflow from the bottom to the top of
the jar at 1 L/min, after being charcoal-filtered with a carbon
trap (Carbon Cap 75, Whatman, Maidstone, England).
Volatiles were collected from each plant during 24 h, after a
45-min acclimation period. To trap the VOCs released into
the plant headspace, a 45 mg HayeSep Q glass trap (80/100
mesh; Hayes Separation Inc., Houston, TX, USA) was con-
nected to the setup with a Teflon® pipe connecting the pump
and the glass jar. The VOCs collections were conducted in a
laboratory at 20 £ 1 °C, 65 &+ 5 % RH, and a 16L:8D
photoperiod under cool white light emitting diode (LED)
lights (77 pmol/sqm/s). All conditions were monitored using
an automatic datalogger (HOBO RH/TEMP 8§ K; Onset
Computer Corporation, Bourne, MA, USA).

Before use, all traps were washed with 600 pL
dichloromethane and 600 pL n-hexane (95 % purity;
Sigma-Aldrich, St. Louis, MO, USA). After volatile col-
lection, the traps were immediately eluted with 200 pL n-
hexane, and 10 pL of a hexanic solution of n-butyl-ben-
zene (750 pg/mL) was added to each sample as the internal
standard. The samples were stored in closed vials wrapped
with a Teflon® strip at —80 °C before analysis.

Extracts were analyzed by gas chromatography coupled
with mass spectrometry (GC-MS) using an Agilent Tech-
nologies (Santa Clara, CA, USA) model 6890n GC System/
5973 Mass Selective Detector. Aliquots (1 pL) were
injected with a splitless injector maintained at 220 °C. The
column (HP-5MS, 30 m x 0.25 mm x 0.25 um) was
maintained at 35 °C for 2 min, before being heated to
100 °C at a constant rate of 5 °C/min. The column was
then heated to 260 °C at a constant rate of 20 °C/min. The
quantification of compounds was realized by comparing
their areas with the internal standard (applying a factor
response ratio of 1:1 for each compound), using Chem-
station software (Agilent Technologies, Palo Alto, CA,
USA). The components were identified by comparing the
recorded mass spectra with the National Institute of Stan-
dards and Technology (NIST) and Wiley spectral data-
bases. Further identification was carried out by calculating
non-isothermal retention indices under identical chro-
matographic conditions. Identification was finally con-
firmed by the injection of standards (when commercially
available) and comparison of retention times. Volatile
chemicals identified at least in two replicates were con-
sidered for analytical purposes. Compounds commonly
associated with the earth’s atmosphere (e.g., toluene and
benzene), as well as compounds associated with the ana-
lytical system (e.g., siloxanes or phthalates), were excluded
(Jansen et al. 2009).

Evaluation of Tuta absoluta fitness

For each tested plant species, twenty newly emerged T.
absoluta adults (ten males and ten females) were placed in
a net cage (46.5 x 46.5 x 46.5 cm) in the presence of a
single non-flowering host plant (4 weeks old) until the
females death. Fifty eggs were then taken from each host
plant species. Eggs were individually placed in a Petri dish
(5 cm diameter) lined with a moistened filter paper and
containing an excised leaf taken from the host plant species
on which they were laid. Each Petri dish was considered to
be a replicate (i.e., n = 50 for each tested plant species).
The emerging larvae were fed with a single piece of leaf
(2 x 3 cm), which was changed every day. Water was also
added to humidify the filter paper until pupation. Individ-
uals were sexed according to the methods of Coelho and
Franga (1987), and male and female pupae were grouped in
couples. Each couple of pupae was placed in an individual
Petri dish containing a moistened filter paper and a single
corresponding host plant leaf until adult emergence. Fol-
lowing adult emergence, males and females were left
together in the Petri dishes for their entire lives. Following
the visual observation of the first mating (occurring rapidly
after adult emergence), the number of eggs laid on a single
plant leaf was evaluated daily until the female died. Water
was supplied on the filter paper covering each Petri dish,
every 2 days, to optimize adult survival. During the
development of the insects, egg-laying date, hatching date,
pupation date, adult emergence date, and sex were recorded
for each individual. Pupal weight was not recorded, since
the ratio between fecundity and pupal weight may not be
reliable and should be treated with caution when attempt-
ing to understand oviposition (Leather 1988). Experiments
were carried out under laboratory conditions (24 £+ 1 °C,
65 = 5 % RH, and 16L:8D photoperiod) and were moni-
tored using an automatic datalogger (HOBO RH/TEMP
8 K; Onset Computer Corporation, Bourne, Massachusetts,
USA).

Statistical analyses

Binomial proportion tests (equal distribution hypothesized)
were used to compare the number of males, females, and
eggs laid on each studied plant observed during the dual-
choice behavioral assays conducted in the flying tunnel.

Principal component analysis was performed on a cor-
relation matrix for the visual comparison of the VOC
profiles from the different solanaceous plants. One-way
ANOVAs were applied to compare the mean quantities of
each VOC released by the tested plants.

One-way ANOVAs were applied to compare the mean
development times of each life stage of T. absoluta on the
various host plant species. When assumptions of the one-

@ Springer



428

T. Bawin et al.

Table 1 Dual-choice bio-

. Number of tested Responding Two choice assay P value
assays evaluating the preference . . a
insects insects
of T. absoluta for Solanum
tuberosum cv. Charlotte versus 99 67 S. tuberosum A. belladonna
Atropa belladonna, Datura
stramonium, or Solanum nigrum Males 26 6 0.001
Females 25 10 0.017
Eggs 161 13 <0.001
94 72 S. tuberosum D. stramonium
Males 27 8 0.002
Females 30 7 <0.001
Eggs 154 0 <0.001
87 65 S. tuberosum S. nigrum
Males 12 15 0.701
Females 15 23 0.256
Eggs 74 131 <0.001

Values are total numbers of individuals for each combination (five replicates)

# Responding insects include living individuals present in one of the two side areas of the tunnel

way ANOVA (normality of populations and homoscedas-
ticity) were not met, Kruskall-Wallis tests were applied
followed by Mann—Whitney comparisons of specific sam-
ples pairs. Chi-square tests of independence were applied
to compare survival percentages at each life stage and sex
ratios on each plant species studied.

All tests were performed using Minitab® version 16
software (http://www.minitab.com/fr-FR/default.aspx).

Results
Behavioral assays

Table 1 lists the total number of males, females, and eggs
on each side of the flying tunnels (S. tuberosum versus
another plant). Adult males and females attraction did not
differ between the two Solanum species (P = 0.701 and
P = 0.256), but female oviposition occurred preferentially
on S. nigrum (P < 0.001). By contrast, S. tuberosum was
preferred to the other tested plants, i.e., Atropa belladonna
and Datura stramonium, considering both adult attraction
and female oviposition.

Plant volatiles analysis

A total of 34 compounds were found in the headspace of all
tested plants (Table 2; Fig. 1). The total amount of VOCs
varied among the four tested Solanaceae species, ranging
from 5.59 + 4.93 (S. nigrum) to 50.70 £ 15.07 ng (D.
stramonium) per gram of fresh plant (Table 2). Terpenoids
(mono- and sesquiterpenes) were the most abundant iden-
tified compounds. Monoterpenes represented 32.5, 84.26,
93.14, and 18.19 % of the total VOCs collected,
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respectively, for S. tuberosum, S. nigrum, A. belladonna,
and D. stramonium. Sesquiterpenes represented 66.82,
5.01, 0.00, and 81.81 % of the total emission, respectively,
for S. tuberosum, S. nigrum, A. belladonna, and D. stra-
monium. Related percentages were 0.68, 10.73, 6.86, and
0.00 % for aldehydes.

The principal component analysis (Fig. 2) showed that
the volatile compound profiles differed between the four
Solanaceae species. All tested plants released a-pinene (1),
8-3-carene (5), limonene (7) and nonanal (12) in equivalent
amounts. S. tuberosum was the only plant to release -
phellandrene (2), a-cubebene (18), a-copaene (19), B-gur-
junene (21), (E)-B-farnesene (25), germacrene-D (28), and
bicyclogermacrene (31). In comparison, only S. nigrum
released B-pinene (3) and myrcene (4). Only A. belladonna
released 1,4-cineole (6), 1,8- cineole (8), a-terpinolene
(11), terpinene-1-ol (13), o~ terpineol (16), B-terpineol
(14), borneol (15), and tridecanal (30). Only D. stramonium
released (E)-B-ocimene (9), longifolene (20), valencene
(29), o-Muurolene (32), and caryophyllene oxide (35).

Evaluation of Tuta absoluta fitness

Table 3 lists survivability rates and sex ratios, while
Table 4 lists the development times and fecundity rates of
T. absoluta reared on the different tested solanaceous host
plants.

Mean development times (+SE) of 7. absoluta eggs
were not statistically different according to the host plants
on which they were laid (Hz = 5.25; P = 0.155). Egg
viability differed according to the host plant species
(1(23) = 8.15; P = 0.043) and was statistically higher on S.
tuberosum (80 %) than on D. stramonium (56 %).


http://www.minitab.com/fr-FR/default.aspx

429

Could alternative solanaceous hosts act as refuges for the tomato leafminer, Tuta absoluta?

quanze[a]edoidofoko-He-01pAye)oo

-QLeL'9"G ey ¢ g-ouapIAyIoW L-0¥ suaunfm3
0820 2! ®00'0 F 000 00’0 F 000  ®OO0 F 0I'0  ®LOO F 010 1LOYT (444! IS -L-Apewn-4 ' [-(JqL ¥eL qey qF q8L)  -687000 -eydre g
auedapun[(6°)0°0"+ SlofoAdtnauaAyrour L-0T
100°0> S¥'98S q10'0 F €€°0 00’0 F 000 ®OO'0 F 000  ®OO'0 F 000 9171 8I¥I  dLS Td ‘SN -@-[AoWIIL - €°¢-(S6°SLYC ML) -SLP000 QuUR[OJISUO] 6]
Qud-¢-23p[(L2)0"0° v loroLotn 6-SC
9100 ST'S 9000 F 00°0 9000 F 000 9000 F 000  ®BSE'0 F 08°0 (T6ET 98¢T I ‘'S -[Ayowtp-¢[-[Adoxdos[-g  -968¢00  ousedoo-eydie  g[
quozuaq[z‘1 JedordooAo[¢ 1 Jeruadoroho
-HI-01pAYEXay-L 9°¢“p*qg Bg-[AypowIp 81 duaqaqnd
800°0 w9 9000 F 00°0 9000 + 000 9000 F 000  ®BCO'0O F 900 1 1S€EL LSET A ‘S -L*¢-1AdoxdosT--(YeL ML SF UL SLE)  -669L10 -eydre L1
cle
6620 LET ®00'0 F 000 BLI'OF #€0  ®BSI'OF €20  ®60°0 F €10 0TI €0cI I ‘S feueded@  -c11000 [euedssp 9
G-G§ [oourdiay
0100 66'S ®000 F 000 QLT F9T¥  ®000F 000  ®BOOO F 000 16811 o611 M ‘S [0-g-uedoxd-(jAua-¢-xaqopAdAPON-1)-C  -860000 -eydre  ¢1
0-0L
9100 9I's ®000 F 000 qQSTT F+¥8C  ®00'0 F 000  ®BOOO F 000 1S9TT 811 ‘SN To-g-ueidoy[ 1z glopAdrqiAypowntay - LT -L0S000 [oauroq
L8
€00 Y0'v BO0'0 F 00°0 QyI'y + €8 BOO'0F 000  ®BOOO F 000 16ST1T IS11 A ‘S [ouexayo[dAofApow- [-[Auedordos]-f  -8¢1000  [ourdial-elng €[
€78
6100 68t €000 F 000  AEl'T F0ST  ®BOOO F 000  ®OO0 F 000 (LETT ovll M ‘SIN [0-1-udxayo[dko-¢-[Ayiow-|-[Kdoidos]-f  -986000  [0-[-oudurdio) 7|
9-61
€ero LTT BO0'0 F 00°0 BOC'T F 05T BSTOF LEO  BYOO F 900 0L €011 dlLs T4 ‘S [eUBUON  -$C1000 [eqeuou [
QUIXAYO[IKd 6-79 Quoourdioy
£€00°0 678 ®00'0 F 000 qQeECTF 089  ®OO'0 F 000  ®BOOO F 000 7801 {01 dLs Td ‘S ~(ouapriAmorAyout-)-p-[AWAN-1 985000 -eydre Q1
8-16 Quazudyg
- - - - - - - 9501 I ‘S suazudqihng  -$01000 -[Ang-u ST
1-19 QUAWII0
1000> ¥8°C81 qsy'0 F 119 ®00'0 F 000  ®OO'0 F 000  ®0OO'0 F 000 10501 9v0I  dLS Td ‘S QUALEI0-9 ¢ [-TAYIPWIQ-L ()  -6LLEOO -ejeg-suen 6
ue)oo[ 7z z]ooAkorqexo 9-78
6€1°0 e BO0'0 F 00°0 BpE'T F 00C  BOO'O F 000 ®OO'0 F 000 0€01 0601 dLS TY ‘SN “CIAPeWIL-¢*E T -0LF000 S[0du-gr 8
QUAXAYO[IKD €-98
¥6€°0 801 ey'0 F ¥C1 BIOY F IS°L B8Ol F LOT  ®BO6'I F Iv'¥ »0€01 8201 A ‘S -(JAuayoAypow- [)-p-[AYRIN-T  -8€1000 susuownt]  f
aueyday[ -z z]opoAhorqexo L-L9
6200 STy ®00'0 F 000 QIL'T FTSE OO0 F 000  ®BOOOF 000 19101 €101 I ‘S -L-1&pour-p-[&doxdos[-1 - -0L$000 S[oduR-HL 9
6-8L
91L0 90 BLSO F ICTT BIOT F LST ®BI6OF 860 ©¥890 F €81 26001 010I  dLS Td ‘S aua-¢-1doy[( 1 ploPASIqIAPOWIIL-L°L°C  -99pET0  QUAIEd-¢-BIPP
€-6¢
LT 96’1 ®00'0 F 000 000 F 000 ®600 F €10 ®0OO'0 F 000 1166 L86  dLS Td ‘SN QUDIPEID0-G°[-oURAYIOW-¢-[AYIRIN-L  -€C1000  QuUedIAw-Bleq 4
aueydoy[ [ 1 ¢]o[oAd1qausiAyrowr €16
o 69°1 BO0'0 F 00°0 00’0 F 000 BYI'OF 610  ®OO0 F 000 1796 996 A ‘S “CIAPOWIA-9°9  -£Z1000 suduid-eroq ¢
701 quaipuefoyd
160°0 LT '00'0 F 00°0 ®O0'0 F 000  ®BOO'0O F 000  ®BYO'0 F 90°0 ¢92001 96 A ‘S suaxayo[aLoousjAyaw-9-[&dordosf-¢ - -$S5000 “eleq ¢
aua-g-1day[ [ glofoAdIqrAyIowLL, 8-96
¥6€°0 80T BLT'0 F 9S°0 BOL'T F STE  BRTT F ¥€'T  ®BeO'l F €8T 1£€6 676 ALS Td ‘S -9°9'z-(SS'ST)  -080000 ouourd-eydie |
Xapuy Qureu
oneA ¢ SUO7  wmuownas (7 vuuopnjjaq 'y wmad g wnso4agn] "§  AINJBIANIT UONUARY  UONEIYNUIP] weu DVJNI SVD punodwo)

syue[d snoooeue[os Inoj Jo spunodwod 9[Ie[oA JUAIIP oY) Jo (Jueld Jo 3/4S F Su) sjunowy g dqe],

pringer

A



T. Bawin et al.

430

SpIepue)s 9[qe[IBAE JO BNOAds ssewr
puE Qw1 UOnU)I Jo uostredwod ‘LS IeINI] Ay} ul pajrodar asoy) Ym sAJIpUl UONU)AI Jo uostredwod Ty soueIql G/ 7 A9[IA pue OISIN JO 2soy) yim exjoads ssew jo uostredwod ‘SN

(L007) swepy

(6007) 'Te 12 3pE[OgD
($10T) T8 1 zerdg
(T102) 'Te 10 0133eN
(¥107) 1eprdguoy)

(#107) 1ouI0AR[
(#107) oseqorayg

L

- - LO'ST F 0L'0S  SS°€C F 8L9F €6’y F 65°S 0801 F 60'8C - - - - - e10L,
aue23pop[(9°4)(°0°T glopAdoLnexo
-G-uaAypowr 9-0¢ IpAxo
9100 LT°S qr8°0 F 06'1 ®00'0 F 000 ®BOO'O F 000  ®OO0 F 000 19091 6091 I ‘S -6 IAPRUILLL-ZTTP-(SOT A9 YFUD)  -6€1100  oue[ikydokies ¢
0
-ep-uo[nze[yJedoido[oko-He| .o%\ESoﬁo 6%
€100 143 q00°0 F 000 9000 + 000 98900 F 91I'0  ®60°0 F STO 96951 0651 Id ‘SN “QLBLLS Y €T TIApRWend-L p T -986500 [onsnjed  ¢¢
suoreyydeuopAyexay 1-9L
1000>  8I1'8¢ qsc’0 F 69°1 000 F+ 000  BIOO F 00  ®B6O0 F 810 $9¢ST LEST I ‘SN -88°9°¢*¢ ‘7 [-IA-g-uedoxd--[Ayowip-Ly  -€85000  OUSUIPLI-EIOP  TE
quoreyydeuoIpAyexoy-e8°9‘cey g1 6-CC QuaoInnur
¥00°0 SS'L Q0 F ST 000 F+ 000 ®BO0'0 F 000  ®BOO'0 F 000 900ST €161 M ‘S -1A-z-uedoxd-[-[Ayowp-L ‘p-(qeg‘Sey'ST1)  -€861€0 -eyde ¢
quarp
-8"p-eoapun[() 1 8Jo[oAd1qAyrowena) €-G¢ Quardew
1000 S¥'0l1 q00°0 F 000 9000 + 000 9000 F 000  ®8CT0 F 060 L0081 €IsT I ‘S SITTUSv-(38dh)  -€0L¥20 130pkdq g
8-61
9%0°0 19°¢ 2000 F 000 BOC0 F L£O0  BOO'O F 000  ®BOOO F 000 (LIST LIST Id ‘SN [BUBOOPLLL,  -981010 [BUBO9PLN 6T
sudeypydeuorpAyexoy-,9'y ¢ T €-L0
¥00°0 oL’L 96£'0 F 80'T ®00'0 F+ 000 ®BO0'0 F 000  ®BOO'0 F 000 Loyl €051 Id ‘SN “[A-g-ue-1-doxd-z-[Ayjowitn-eg‘g'g-(q7)  -0£9¥00 QUdUSMEA 8T
QUAIPBIIPO[OAI-9* [ -ouR[AYIow S-vL
8000 Y79 q00'0 F 000 9000 F 000 9000 F 000  ®BYST F 9¢9 16671 Loyl I ‘S -G-[Aypour-1-[Ado1dos[-8-(S8'HO'HI)  -986£T0  P-OURIOBUWIIRE /T
quareypydeurAyyowip-/ ‘p-1Adoadost 0-SL quaydiowe
800°0 6£9 q96C°0 F 8L°0 ®00'0 F 000 ®BOO'O F 000  ®SO0F LOO SL8Y1 6871 I ‘S -1-o1pAyexoy-eydreg g‘ceqdiey 'z T -€8¥000 -eydre 9
QUALIEBIIPUNO[IAD 9-86 Qud[nuiny
8S1°0 L0T BLO'O F SO'T ®O0'0 F 000  ®BOO'0O F 000  BLI'O F TVO L9¥1 OLY1 dlLs T4 ‘S -8 -IAPoWend -6°9'9°c-(AS AL AI)  -€SL900 -eydre 6
QUALIEIIPOP 8-¥8 QuosouIe)
£v0°0 69°¢ q00°0 F 000 9000 + 000 9000 F 000  ®B6E0 F SLO 18SP1 54! I ‘S -01°9° [-oudlAypow-¢-[AyowI-11°L-(H9)  -+6L810 -ejeoq-suen ¢
ouornze[o]edoido[okd
-H1-01pAyeoopousiAyjou-/ 8-LY quounfimn3
100 [A4Y 9000 F 000 9000 F 000 9000 F 000  ®BEO'0 F LOO Leevl 6¥¥1 I ‘S -Apow - T [-(JAL YeL ger AP qeT)  -HIPELO “e1eq €7
Quazuaq[g 1 Jedoxdooho [¢1]eruadofoko
-HI- 0IpAye100 Qud[Aylow-¢-[Aylow S-S
1000>  8%¥'9C asy'l + 19°L BOO'0 F 000 ®BOO'0O F 000  ®BYO'O F SO0 OLVT lad! Id ‘SN -L-14doxdosT-p-(qeL L SPUAE'SBE)  -bPLEIQ  dueqaqnd-eldq T
Qug|
QUI--09pun[() g’ £ ]o[oAd1qaud Aot S -1AydoLred
L000 LS9 q950'6 F 6L°ST 000 F 000 ®BO00 F 000 9ey8'C F 9L'8 1L9Y1 eyl dLS TY ‘SN Q- IAPOWLLL-T [T T*p~(S6'ZF M) -L80000 “eRq [T
xopuy Qweu
anea g 1Oy wnuow.als puuop|jaq y wnaSiu '§  wnsodaqn) '§  AIMEIANIT  UOHURY uoneoyNuap[ Qweu HVdNI SVD punodwo)

penunuod g dqe],

pringer

A's



Could alternative solanaceous hosts act as refuges for the tomato leafminer, Tuta absoluta?

431

1.000.000
800.000
600.000
400.000
200.000

0

1.000.000
800.000
600.000
400.000
200.000

0

1.000.000
800.000
600.000
400.000
200.000

0

J

S. tuberosum

IS

11

16

21

2223

18, Y [il
17 PO M

10 11

S. nigrum

IS

12

13

14 15

20 32 33
AN

4

A. belladonna
IS

10

U

12

13
|
E{d

15

14 , 16
A

14 15 16

10 11

12

13

D. stramonium

14 15 16

1.000.000 -
IS

800.000

!

600.000 -
400.000

!

200.000 L

0 A :
5 6 7

T

9

L
w
[o I
~
w

T

10

T T T

11 12 13

Fig. 1 Chromatograms of VOCs emitted by S. tuberosum, S. nigrum, A. belladonna, and D. stramonium. The number on peaks refers to the

compound number given in Table 2

Larval development times differed according to the host
plant (H3 = 45.96; P < 0.001). Larvae fed on S. tuberosum
developed faster (8.5 & 0.2 days) than those fed on S.
nigrum (11.7 £ 0.3 days), D. stramonium (11.8 & 1.3
days), and A. belladonna (13.0 £ 0.5 days). Moreover,
differences in terms of larvae survival were observed
between the four tested host plants (y3, = 25.81; P <
0.001). Survivability of larvae fed on S. nigrum (79 %) did
not differ from S. tuberosum (67 %), but was higher than on
A. belladonna (50 %) and D. stramonium (20 %). Surviv-
ability of larvae fed on D. stramonium was significantly
lower than those fed on any of the other host plants.

Pupae development times were not statistically different
according to the host plants on which pupae were reared
(H; = 5.78; P = 0.123). However, association tests per-
formed on sample pairs indicated a significant difference
between S. nigrum (7.4 £ 0.2 days) and D. stramonium
(8.8 £ 0.4 days). There were no significant differences in
pupae survival percentages (1(23) = 0.37; P = 0.946),
which ranged from 83 % on A. belladonna and D. stra-
monium to 88 % on S. nigrum.

Development times from egg to adult emergence were
significantly lower for insects reared on S. tuberosum
(20.4 £ 0.4 days) than those reared on S. nigrum
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Fig. 2 Spatial distribution of the volatile blends released by S.
tuberosum, S. nigrum, A. belladonna, and D. stramonium (n = 4)

(22.9 £+ 0.3 days), A. belladonna (24.7 = 0.6 days), and
D. stramonium (24.4 £ 1.4 days) (H; =33.77; P<
0.001). Survival rates from egg to adult emergence were
lower with insects reared on D. stramonium (9 %) than
those fed on S. tuberosum (45 %), S. nigrum (45 %), and A.
belladonna (39 %).

Adult longevity was not affected by the host plants,
ranging from 8.6 + 1.4 days on D. stramonium to 15.0 £
1.5 days on A. belladonna (F;73 =2.05; P = 0.114).
Similarly, the sex ratio (male/female) (1(23) =745, P =
0.059) and female fecundity rates (H, = 1.03; P = 0.598)
did not differ significantly between S. tuberosum, S.
nigrum, and A. belladonna. Only adult males have emerged
from pupae reared on D. stramonium.

Discussion

The insect ability to localize suitable host plants in a given
environment determines its propensity to persist and spread
to new areas (Suckling et al. 2014). In Europe, the tomato
leafminer is abundantly present in the Mediterranean
countries, where it mainly infests tomato production sites.
But recent studies have suggested that alternative culti-
vated and non-cultivated host plants could be used by T.
absoluta to spread and reproduce in Northern Europe
(Desneux et al. 2010, 2011). In the present study, we have
shown that T. absoluta females preferentially orientate in
dual-choice assays to Solanum species rather than to other
wild Solanaceae. However, oviposition has occurred on
each of the tested plants, suggesting that all of these plants
could be localized and identified as a potential host for the
offspring development. During host selection, female
insects are exposed to a variety of cues, including plant
volatiles, contact chemicals, and visual signals related to
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plant morphological characteristics, which help to deter-
mine the suitability of a host plant (Awmack and Leather
2002; Faria et al. 2008). That T. absoluta females were
preferentially attracted by Solanum species (i.e., potato and
black nightshade) was expected because these plants are
related to the tomato (Lambinon et al. 2004), which is the
primary host for the insect development (Desneux et al.
2010, 2011). Male preferences are rather related to the
female choice as most of lepidopteran males are primarily
attracted by female sex pheromones and rarely exhibit
adaptive behavior in response to host plant volatiles (Ra-
maswamy 1988). All T. absoluta tested individuals were
reared on tomato prior to dual-choice assays, and this fact
should be underlined because larval experience has been
reported to have an impact on the host finding behavior of
the subsequent adults (Caparros Megido et al. 2014;
Facknath and Wright 2007). The host plant preferences of
individuals reared for one or more generations on wild
solanaceous host plants have to be described in further
studies in order to better understand their dispersion
behavior in the environment.

Recent advances in chemical ecology demonstrated that
the attraction and oviposition of 7. absoluta females are
mediated by the volatile signature of their host plant. VOCs
released by leaves provide capital information to the
females on the suitability of the plant as a larval substrate.
It was found that tomato leaf odors mainly include volatile
terpenoid compounds which elicit in mated females
upwind orientation flight followed by landing as well as
egg-laying (Proffit et al. 2011). Tomato volatiles are prin-
cipally made of monoterpenes including o-pinene, -
pinene, a-phellandrene, B-phellandrene, §-2-carene, d-3-
carene, limonene, myrcene, and sabinene, as well as the
sesquiterpene (E)-B-caryophyllene (Caparros Megido et al.
2014; Proffit et al. 2011). Similar observations were made
for potato plants: the volatile emissions of S. tuberosum,
principally made of sesquiterpenes as (E)-B-caryophyllene
(E)-B-farnesene, and germacrene-D, are implicated in the
host selection by 7. absoluta females (Caparros Megido
et al. 2014). Our results are consistent with these previous
headspace analyses regarding the latter species. Despite
presenting similarities, each solanaceous plant species
released a qualitatively and quantitatively specific volatile
blend, as visually demonstrated by the principal component
analysis. The fact that the insect has laid eggs on each plant
suggests that one or more combinations of volatile com-
pounds are responsible for the attraction and oviposition
behavior, some of which being more attractive than others.
By example, even both are principally made of monoter-
penes, A. belladonna emissions differed from those of S.
nigrum which are mainly constituted with tomato-related
compounds such as o-pinene, B-pinene, §-3-carene, limo-
nene and myrcene. The total quantity of terpenoids is likely
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Table 3 Survivability and sex ratio (m/f) of T. absoluta on different solanaceous host plant species

S. tuberosum S. nigrum A. belladonna D. stramonium Statistical analyses P value
Survivability
Eggs 80 % a 65 % ab 65 % ab 56 % b 1) = 8.15 0.043
Larvae 67 % ab 79 % b 50 % a 20 % ¢ 1(23) = 25.81 <0.001
Pupae 85 % a 88 % a 83 % a 83 % a 1(23) = 0.37 0.946
Egg to adult 45 % a 45 % a 39 % a 9% b 15 = 21.69 <0.001
Sex ratio 053 a 0.90 a 0.85a - /(23) =745 0.059

Values that do not share a common letter are significantly different

Table 4 Mean development times (days) and fecundity rates (eggs laid per female) of T. absoluta (standard error) on different solanaceous

host plant species

S. tuberosum S. nigrum A. belladonna D. stramonium Statistical analyses P value
Development times
Eggs 43 £ 0.2a 39 £0.1a 3.8 +0.1a 3.8+ 04a Hay =525 0.155
Larvae 8.5+ 0.2a 11.7 £ 0.3b 13.0 £ 0.5¢ 11.8 £ 1.3bc Hy = 45.96 <0.001
Pupae 7.6 £ 0.3ab 74 £0.2b 7.9 £ 0.4ab 8.8 £ 0.4a Ha)y =578 0.123
Egg to adult 204 £ 0.4a 229 £ 0.3b 24.7 £ 0.6b 244 £ 1.4b Hgay = 33.77 <0.001
Adults 11.8 £ 1.2a 11.1 £ 1.5a 15.0 £ 1.5a 8.6 + 1.4a Fi.73) = 2.05 0.114
Fecundity rate 249 £ 5.5a 254 £ 15.0a 15.0 £ 8.0a - H) = 1.03 0.598

Values that do not share a common letter are significantly different

not affecting host selection, as the total amount of
monoterpenes and sesquiterpenes released by the four
Solanaceae is not correlated with the attraction results and
the number of eggs laid. Rather than the total quantity of
VOCs released by a plant, the presence of specific blend of
certain chemicals can be involved in the selection of a host
and the quantity of eggs deposited. Further electrophysio-
logical and behavioral assays conducted on natural blends
as well as on separated identified chemicals are required to
confirm the effect of specific chemicals on the choice of the
oviposition site in T. absoluta.

Oviposition on a suitable host in response to plant cues
is of major importance for an insect to maximize its fitness.
A significant variability in egg survivability was observed
among the tested plants. This discordance may be due to
either morphological characteristics of the plants or
defense mechanisms in response to egg presence, impact-
ing embryonic development. By example, low humidity on
the leaf surface due to stomatal closure or hypersensitive
response (i.e., formation of necrotic tissue at the site of egg
deposition) may lead to their desiccation (Hilker and
Meiners 2011; Woods 2010). Volatile and contact chemi-
cals from plant tissues could also alter the embryonic
development (Hilker and Meiners 2011). Another hypoth-
esis could be that females adjust the nutritional content of
their eggs in response to a poor quality host plant, thus
allocating fewer resources to embryos, which has an

evident impact on the performances of the resulting off-
spring (Boggs 1992). By example, Lymantria dispar L.
(Lepidoptera: Lymantriidae) was reported to lay eggs on
Populus tremuloides Michx. (referred as a good-quality
host plant) that contained the greatest amount of vitel-
logenin compared with Quercus rubra L., Q. prinus L., and
Pinus rigida Mill. (referred as lower-quality host plant
species) (Rossiter et al. 1993).

Considering herbivorous insects, short development
times, high survival rates, and high fecundity rates (number
of eggs per female) are related to a suitable food quality
(Awmack and Leather 2002; Greenberg et al. 2002; Per-
eyra and Sanchez 2006). In the present study, the host plant
affected the development times of T. absoluta from egg to
adult emergence: individuals reared on S. fuberosum grew
faster than the others. Corresponding survival rates were
only found to be statistically lower on D. stramonium,
although those observed on S. tuberosum and S. nigrum
appeared to be numerically equal to each other and higher
than on A. belladonna. In the absence of abiotic and biotic
stresses, survival rates are mainly influenced by the feeding
stage (larval instar), suggesting differences in nutritive
quality and/or production of plant metabolites that have
impaired larval development. By example, A. belladonna
and D. stramonium tissues contain tropane alkaloids
(Krenzelok 2010; Pomilio et al. 2008) involved in insect
herbivory resistance (Arab et al. 2012; Shonle and
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Bergelson 2000). Adult longevity and fecundity rates were
similar between the four plants, while no female adults
were obtained on D. stramonium. In terms of T. absoluta
fitness, it can be assumed that solanaceous plants are not of
equal quality for the development of the insect pest. S.
tuberosum appears to be the most suitable host among the
tested plants considering the biological parameters descri-
bed above, but S. nigrum, A. belladonna, and D. stramo-
nium can also be exploited as food source with a decreased
success in their respective order of citation.

Surprisingly, longer development times (28 days) for
similar survivability rates (47 %) were previously observed
using an identical protocol for 7. absoluta reared on its
primary host plant, Solanum lycopersicum (Caparros
Megido et al. 2013). However, adult fecundity rate reported
on S. lycopersicum (50 eggs per female) was twofold
higher than on S. tuberosum and S. nigrum (which allowed
the largest offspring in our study). Therefore, it can be
assumed that this decrease in oviposition could be directly
related to a lower reproductive capacity of the adults
resulting from our bioassays, making tomato more benefi-
cial in terms of fitness. Aside this decrease in perfor-
mances, it is not excluded that a female strategic choice
also has occurred in response to a host plant with a lower
quality, strengthening the observed egg lay depression.
According to this hypothesis, females could have delayed
their oviposition, or resorbed eggs and reallocated the
nutriments in order to extend their own longevity, waiting
to find a more suitable host plant where the offspring
performances will be optimized (Awmack and Leather
2002). High adult longevity, which is classically related to
a high fecundity (Leather 1988) and low fecundity rates
observed with insects reared on A. belladonna, complies
with this expectation.

In our experimental design, insect performances were
assessed during a single generation, starting with egg-laying
adults taken from their primary host plant. The potential
effect of food reserves allocated to the eggs on the biological
traits of the immature and mature instars should be consid-
ered. We might expect that generation time, survivability,
and female fecundity will be impacted after several gener-
ations on an alternative host plant. Compared to previous
results (Caparros Megido et al. 2013), egg to adult devel-
opment time on S. tuberosum cv. Charlotte increases from 20
to 24 days after five generations, being less beneficial in
terms of fitness. Additional experiments are needed to assess
the impact on insect performances of a long-term infestation
on wild solanaceous host plants as reservoirs.

Finally, genetic variability in plants and insects may
have a great impact, respectively, on VOCs emitted or
perceived (Harrewijn et al. 1995), and insecticidal com-
pounds secretion or plant defense avoidance (Moore et al.
2014). Climatic variations (Agosta 2006), phenological and
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physiological state of the plants (Ayabe et al. 2014), local
selective pressures on plant traits (Castillo et al. 2014), or
the presence of plant endophytic symbionts and insect
pathogens (Crawford et al. 2010; Gurulingappa et al. 2010)
may also have an influence on host plant availability for the
insects. Such variability in plant resource may have a
significant impact on the spatiotemporal patterns of plant
selection for female oviposition.
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