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Reagent type 
(species) or 
resource Designation Source or reference Identifiers Additional information

Sequence- based 
reagent

KAPA SYBR FAST qPCR Master 
Mix Kapa Biosystems

Commercial assay 
or kit innuPREP RNA Mini Kit

Analytik Jena, Jena, 
Germany

Commercial assay 
or kit

RNeasy Plant Mini Kit; RNeasy 
Lipid Tissue Mini Kit Qiagen

Commercial assay 
or kit

SMARTer RACE cDNA 
Amplification Kit

Clontech, Mountain View, 
CA, USA

Commercial assay 
or kit FuGeneHD- Kit

Promega, Madison, WI, 
USA

Commercial assay 
or kit

GeneJET Gel Extraction Kit; 
DreamTaq DNA Polymerase; 
MEGAscript RNAi Kit

Thermo Fisher Scientific, 
Waltham, MA, USA

Commercial assay 
or kit

KAPA SYBR FAST qPCR Kit 
Optimized for LightCycler 480

Kapa Biosystems, 
Wilmington, MA, USA

Chemical 
compound, drug

Bis(p- nitrophenyl)phosphate; 
castanospermine; acarbose Sigma Aldrich

Chemical 
compound, drug

Blasticidin; Express Five culture 
medium Life Technologies

Chemical 
compound, drug x Protease Inhibitor HP Mix

SERVA Electrophoresis, 
Heidelberg, Germany

Chemical 
compound, drug TA- G; TA; BXDs; 4- MSOB This paper

See ‘Materials and methods’ (‘Enzymatic assays 
of recombinant proteins’ and ‘Synthesis of TA- G 
metabolite standards’)

Chemical 
compound, drug Salicin Alfa Aeser

Chemical 
compound, drug Cellobiose Fluka

Chemical 
compound, drug

Glc- MU Sigma Aldrich

 Continued

Plant material
T. officinale plants used for extraction of latex and TA- G were grown in 0.7–1.2  mm sand and watered 
with 0.01–0.05%   fertilizer with N- P- K of 15- 10- 15 (Ferty 3, Raselina, Czech Republic) in a climate 
chamber operating under the following conditions: 16  hr light/8  hr dark; light supplied by a sodium 
lamp (EYE Sunlux Ace NH360FLX, Uxbridge, UK); light intensity at plant height: 58 µmol m2 s–1; 
temperature: day 22 °C; night 20 °C; humidity: day 55%, night 65 %. Depending on the availability, 3- 
to 5- month- old wild- type plants of the European A34, 6.56, or 8.13 accession were used unless other-
wise indicated (Verhoeven et al., 2010). Plants used for the choice experiments were germinated on 
seedling substrate and transplanted into individual pots filled with potting soil (five parts landerde, 
four parts peat, and one part sand) after 2–3  weeks and grown in a climate chamber operating under 
the following conditions: 16  hr light/8  hr dark, light supplied by arrays of Radium Bonalux Super NL 
39  W/840 white lamps; light intensity at plant height: 250 µmol m2 s-1; temperature: day 22 °C; night 
18 °C; humidity 65 %. Plants used for the performance experiments were germinated on seedling 
substrate, transplanted to individual pots filled with a homogenized mixture of 2/3 seedling substrate 
(Klasmann- Deilmann, Switzerland) and 1/3 landerde (Ricoter, Switzerland) and cultivated in a green-
house operating under the following conditions: 50–70%  relative humidity, 16/8  hr light/dark cycle, 
and 24 °C at day and 18 °C at night, without extrernal light source. The TA- G- deficient line RNAi- 1 and 
the control line RNAi- 15 were used for these experiments (Huber et al., 2016b).
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Insects
M. melolontha larvae were collected from meadows in Switzerland and Germany. Larvae were reared 
individually in 200  ml plastic beakers filled with a mix of potting soil and grated carrots in a climate 
chamber operating under the following conditions: 12  hr day, 12  hr night; temperature: day 13 °C, 
night 11 °C; humidity: 70 %; lighting: none, except for the RNAi experiment, for which the day and 
night temperature was 4 °C during rearing. All experiments were performed in the dark with larvae in 
the third larval instar.

Cell lines
For heterologous experession, T. ni- derived cells (High Five cells) were purchased from Life Technolo-
gies (Carlsbad, CA, USA) and immediately used for the experiment. The cell lines were tested nega-
tively for mycoplasma infection prior delivery.

Statistical analysis
All statistical analyses were performed in R version 3.1.1 (R Development Core Team, 2014). Pair-
wise comparisons were performed with the Agricolae package (de Mendiburu, 2014). Results were 
displayed with gplots, ggplot2, and RColorBrewer (Wickham, 2009; Warnes et al., 2016; Neuwirth, 
2014). Differential gene expression was analyzed using DeSeq2 and edgeR (Robinson et al., 2010; 
Love et al., 2014). Details on the statistical procedure are given in the individual sections. Sample 
sizes were estimated based on previous experience with the study system. M. melolontha larvae were 
allocated to treatment groups using restricted randomization to achieve equal sample sizes among 
groups.

Isolation and identification of TA-G metabolites in M. melolontha larvae
In order to test whether TA- G is deglucosylated during digestion in M. melolontha, we screened for 
TA- G, TA, and other TA- G metabolites in larvae that fed on diets supplemented with either latex 
or water. 10 M. melolontha larvae were starved for 10   days at room temperature before offering 
them approximately 0.35 cm3 boiled carrot slices that were coated with either main root latex or 
water. Larvae were allowed to feed for 4   hr inside 180   ml plastic beakers covered with a moist 
tissue paper, after which the frass and regurgitant were collected in 1  ml methanol. Regurgitant was 
collected by gentle prodding of the larvae. Left- over food was frozen at –80 °C until extraction. The 
larvae were cooled for 10  min at –20 °C and subsequently dissected on ice to remove the anterior 
midgut, posterior midgut, hindgut, and hemolymph, which were collected in 1   ml methanol. All 
larval samples were homogenized by vigorously shaking with two to three metal beads for 4  min in 
a paint shaker (Fluid Management, Wheeling, IL, USA), centrifuged at 4 °C for 10  min at 17,000  ×g, 
and the supernatant stored at –20 °C until analysis. Left- over food was ground in liquid nitrogen to a 
fine powder of which 100  mg was extracted with 1  ml methanol by vortexing for 30  s. The samples 
were subsequently centrifuged at room temperature for 10  min at 17,000  ×g and the supernatant 
was stored at –20 °C until analysis. Methanol samples were analyzed on a high- pressure liquid chro-
matograph (HPLC 1100 series equipment; Agilent Technologies, Santa Clara, CA, USA), coupled to 
a photodiode array detector (G1315A DAD; Agilent Technologies) and an Esquire 6,000 ESI- Ion Trap 
mass spectrometer (Bruker Daltonics, Bremen, Germany). Metabolite separation was accomplished 
with a Nucleodur Sphinx RP column (250 × 4.6   mm, 5  µm particle size; Macherey–Nagel, Düren, 
Germany). The mobile phase consisted of 0.2 % formic acid (A) and acetonitrile (B) utilizing a flow of 
1 ml min–1 with the following gradient: 0  min, 10 % B, 15  min: 55 % B, 15.1  min: 100 % B, 16  min: 
100 % B, followed by column reconditioning (Huber et al., 2015). To search for unknown metabolites 
of TA- G, we visually compared the chromatograms of the anterior midgut of latex- and control- fed 
larvae and subsequently performed tandem mass spectrometry (MS2) experiments using AutoMS/
MS runs on the Esquire 6,000 ESI- Ion Trap MS to obtain structure information. Using QuantAnalysis 
(Bruker Daltonics), TA- G, TA, and the putative TA- GSH conjugates were quantified based on their 
most abundant ion trace: TA- G: 685 [M+[M- 162]], negative mode, retention time (RT) = 12.2  min; 
TA: 263 [M + H], positive mode, RT = 16.8  min; TA- GSH: 570 [M + H], positive mode, RT = 10.1  min; 
TA- Cys- glycine: 441 [M + H], positive mode, RT = 9.4  min; TA- Cys- glutamate: 513 [M + H], positive 
mode, RT = 10.4  min, TA- Cys: 384 [M + H], positive mode, RT = 9.8  min.
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was standardized by dividing the peak area of the aglycone of each sample by the maximal peak area 
of all samples (‘relative aglycone formation’). Differences in the relative aglycone formation between 
boiled and non- boiled gut samples, as well as between anterior midgut content and tissue samples, 
were analyzed with two- way ANOVAs.

Development of RNAi methodology for M. melolontha larvae
In order to establish RNAi in M. melolontha, we injected different doses of dsRNA targeting tubulin 
and GFP (negative control) into the larvae. As a template for dsRNA synthesis, we chose an approxi-
mately 500  bp fragment of each gene (see Supplementary file 3 for fragment nucleotide sequence). 
The fragments were amplified using the Q5 High- Fidelity DNA Polymerase (New England Biolabs, 
Ispwich, MA, USA) according to the manufacturer’s procedure and the specific primer combinations 
Mm- tubulin- fwd and Mm- tubulin- rev for tubulin, as well as GFP- RNAi_fwd and GFP- RNAi_rev for GFP 
(Supplementary file 2). Isolated and purified M. melolontha cDNA served as a template for tubulin. 
Plasmid pGJ 2648, which encodes for the emerald variant for GFP and was kindly supplied by Dr. 
Christian Schulze- Gronover, served as a template for GFP. Amplified fragments were separated by 
agarose gel electrophoresis and purified using GeneJET Gel Extraction Kit (Thermo Fisher Scientific, 
Waltham, MA, USA) according to the manufacturer’s procedure. An A- tail was added using DreamTaq 
DNA Polymerase (Thermo Fisher Scientific), and the A- tailed fragments were then cloned into T7 
promoter sequence containing pCR2.1- TOPO plasmids (Life Technologies) according to the manufac-
turer’s instructions. Plasmids with the insert in both orientations with regard to the T7 promoter were 
identified by sequencing.

dsRNA was synthesized using the MEGAscript RNAi Kit (Thermo Fisher Scientific) according to 
the manufacturer’s procedure. The above- described tubulin and GFP plasmid templates were linear-
ized downstream of the insert using the restriction enzyme BamHI (New England Biolabs). Sense and 
antisense single- stranded (ss) RNAs were synthesized in separate reactions. The complementary RNA 
molecules were then annealed and purified using MEGAscript RNAi Kit according to the manufactur-
er’s instructions (Thermo Fisher Scientific).

In order to investigate the required dsRNA concentration and duration of the silencing, we injected 
2.5 and 0.25  µg dsRNA of tubulin or GFP per g of larva into M. melolontha. The larvae were anes-
thetized under CO2. Subsequently, larvae were punctured with a sterile syringe (Ø 0.30 × 12  mm) 
between the second and the third segment, and approximately 50  µl tubulin or GFP dsRNA (100  
ng*µl–1 for 2.5  µg per g larva and 10  ng*µl–1 for 0.25  µg per g larva) was injected into the hemolymph 
of the second segment of nine M. melolontha larvae per concentration. Every second day, the larvae 
were weighed. 5 days after injection, the larvae received fresh carrots to feed on. 2, 5, and 10 days 
after injection, three larvae per concentration were frozen in liquid nitrogen. The entire larvae were 
ground to a fine powder using mortar and pestle under liquid nitrogen and stored at –80 °C until RNA 
extraction. Total RNA was isolated using the GeneJET Plant RNA Purification Kit following the manu-
facturer’s instructions. On- column RNA digestion was performed with RNase- free DNase (Qiagen, 
Netherlands). cDNA synthesis was performed using SuperScript II Reverse Transcriptase (Thermo 
Fisher) and oligo (dT21) (Microsynth, Switzerland) according to the manufacturer’s instructions. Conse-
quently, the qPCR was performed with the KAPA SYBR FAST qPCR Kit Optimized for LightCycler 
480 (Kapa Biosystems, Wilmington, MA, USA) in a Nunc 96- well plate (Thermo Fisher Scientific) on 
a LightCycler 96 (Roche Diagnostics, Switzerland) with one technical replicate per sample. Tubulin 
gene expression was quantified relative to actin using the qPCR primers qPCR_Mm_Tubulin_fwd and 
qPCR_Mm_Tubulin_rev for tubulin, as well as qPCR_Mm_actin_fwd and qPCR_Mm_actin_rev for actin 
(Supplementary file 2). Differences in the relative expression of tubulin to actin and between tubulin- 
and GFP dsRNA- treated larvae were analyzed with the Student’s t- test.

Synthesis of dsRNA for RNAi
In order to test whether Mm_bGlc17 accounts for the TA- G deglucosylation in vivo, we silenced 
Mm_bGlc16, Mm_bGlc17, and Mm_bGlc18 in M. melolontha using RNAi and analyzed TA- G deglu-
cosylation activity in vitro using anterior midgut extracts. M. melolontha in which a dsGFP fragment 
was injected served as a control. GFP dsRNA was synthesized as described above. To obtain dsRNA 
for the glucosidase genes, we chose approximately 500  bp fragments of Mm_bGlc16, Mm_bGlc17, 
and Mm_bGlc18 cDNA as templates for dsRNA synthesis that showed maximal sequence divergence 





 Research article     Ecology

Huber et al. eLife 2021;10:e68642. DOI: https:// doi. org/ 10. 7554/ eLife. 68642  26 of 32

_bGlc_16_fwd, qPCR_Mm _bGlc_16_rev, qPCR_Mm _bGlc_17_fwd, qPCR_Mm _bGlc_17_rev, qPCR_
Mm _bGlc_18_fwd, qPCR_Mm _bGlc_18_rev, qPCR_Mm _actin- fwd, and qPCR_Mm _actin- rev) are 
listed in Supplementary file 2.

Effects of Mm_bGlc17 silencing on M. melolontha performance
In order to test whether Mm_bGlc17 activity affects the performance of M. melolontha larvae in the 
presence and absence of TA- G, we assessed the growth of Mm_bGlc17- and control (GFP)- silenced 
larvae on TA- G- deficient and control T. officinale plants. T. officinale seeds were germinated on seed-
ling substrate. After 15  days, plants were transplanted into 1  l rectangular pots (18 × 12 × 5  cm, 
length × width × height) filled with a homogenized mixture of 2/3 seedling substrate (Klasmann- 
Deilmann, Switzerland) and 1/3 landerde (Ricoter, Switzerland). Each pot consisted of four plants in 
two parallel rows of two plants, which were arranged along the short edges of the pots. Rows were 
spaced 9  cm apart and had a distance of 4.5  cm from the short edges, and plants within each row 
were grown 4  cm apart from each other. After 50  days of growth, half of the pots (N = 15 per geno-
type) were randomly selected to examine the performance of Mm_bGlc17- silenced larva, and the 
second half of the pots (N = 15 per genotype) were used for GFP- control larva. dsRNA was synthe-
sized as described above. Larvae were treated with 0.25  µg of Mm_bGlc17 or GFP dsRNA per g larva 
as previously described. One pre- weighed larva was added into a hole (4  cm depth, 1  cm diameter) in 
the center of the pots and covered with moist soil. After 3 weeks of infestation, larvae were recovered 
from the pots, reweighed, and the midgut was extracted for subsequent RNA extraction following 
the above- mentioned protocol. To reduce the possible effects of environmental heterogeneity within 
the greenhouse, the position and direction of the pots were randomly re- arranged weekly. Total RNA 
of the midgut was extracted using RNeasy Lipid Tissue Mini Kit (QIAGEN), coupled with on- column 
DNA digestion following the manufacturer’s instructions. One microgram of each total RNA sample 
was reverse transcribed with SuperScript III Reverse Transcriptase (Invitrogen). The RT- qPCR assay was 
performed on the LightCycler 96 Instrument (Roche) using the KAPA SYBR FAST qPCR Master Mix 
(Kapa Biosystems). The actin gene was used as an internal standard to normalize cDNA concentra-
tions. The relative gene expressions to actin were calculated with 2−∆∆Ct method.

Differences in M. melolontha weight gain between larval and plant RNAi treatments were analyzed 
with a two- way ANOVA. Differences in larval weight gain between Mm_bGlc17- silenced and GFP- 
control larvae were analyzed with Student’s t- tests for larvae grown on wild- type and TA- G- deficient 
plants separately. Differences in larval weight gain on TA- G- containing and TA- G- lacking T. offici-
nale plants were analyzed with Student’s t- tests for the Mm_bGlc17- silenced and GFP- control larvae 
separately. A two- way ANOVA was applied to analyze differences in relative Mm_bGlc17 expres-
sion between larval and plant RNAi treatments. Relative Mm_bGlc17 expression was thereto log- 
transformed to improve model assumptions. Differences in relative Mm_bGlc17 expression between 
larvae growing on TA- G- containing and TA- G- lacking plants were analyzed with Kruskal- Wallis rank 
sum tests based on untransformed data for Mm_bGlc17- silenced and GFP- control larvae separately.

To repeat the above- described experiment, T.officinale seeds of TA- G- deficient and control plants 
were cultivated in the greenhouse as previously described, with some slight modifications. Seedlings 
were germinated on seedling substrate and transplanted into individual pots (11 × 11 x 11 cm) after 
21  days of growth (N = 40 per line). After 70  days of growth, larvae were treated with 0.25  µg of 
Mm_bGlc17 or GFP dsRNA per g larva as described above. 4  days later, for each T. officinale line, half 
of the plants were infested with one pre- weighed Mm_bGlc17- silenced larva and the other half was 
infested with one pre- weighed GFP- control larva. After 3  weeks of infestation, larvae were carefully 
recaptured from the pots, weighed, and added into the pots again. 5  weeks later, larvae were recap-
tured again and weighed.

Differences in M. melolontha weight gain between larval and plant RNAi treatments were analyzed 
with two- way ANOVAs for three time periods (3 weeks, 3–8 weeks, and 8 weeks after the start of the 
experiment) separately. Differences in larval weight gain between Mm_bGlc17- silenced and GFP- 
control larvae in these three time periods were analyzed with Student’s t- tests for wild- type and TA- G- 
deficient monocultures separately.
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Effects of Mm_bGlc17 silencing on deterrence of TA-G
In order to test whether M. melolontha glucosidase activity affects the deterrence of TA- G, we 
assessed the choice of Mm_bGlc17- and control (GFP)- silenced larvae between TA- G- deficient and 
control T. officinale plants. M. melolontha larvae were injected with 0.025  µg*g-1 Mm_bGlc17 or GFP 
dsRNA as described above. 1  week after dsRNA injection, the larvae were starved for 3 days and 
placed individually into the center of 250  ml plastic beakers filled with vermiculite. 5- week- old TA- G- 
deficient and control T. officinale seedlings were embedded into the vermiculite- filled beaker at oppo-
site edges, with 37 replicated beakers for each of the Mm_bGlc17 and GFP treatments. The feeding 
site was scored visually 3 hr after the start of the experiment by inspecting the beakers from outside. 
Differences in the choice between TA- G- deficient and control T. officinale plants were analyzed with 
binomial tests for the Mm_bGlc17- and GFP- silenced larvae separately.
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