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ABSTRACT 1 

Investigations of light sensitivity and its physiological effects on insects developing 2 

within subcortical tree tissues are limited, presumably due to the assumption that 3 

cryptic microhabitats are completely devoid of light.  In this study, we documented 4 

light-mediated behaviour and opsin gene expression in larvae of the mountain pine 5 

beetle, Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae, Scolytinae), 6 

an extremely important forest insect that is well-adapted for development beneath the 7 

bark of pine trees and is eyeless in the larval stage.  Larvae were negatively 8 

phototactic, as they selected dark over light microhabitats in phototaxis assays.  We 9 

recovered long-wavelength opsin transcripts from all life stages, including eggs and 10 

larvae, suggesting that D. ponderosae is photosensitive throughout its entire life 11 

cycle.  Our results imply that photosensitivity contributes to immature D. ponderosae 12 

survival, and that extraocular photoreception could be common among bark beetle 13 

larvae. 14 

 15 

INTRODUCTION 16 

The ability to receive, integrate and respond to light stimuli is essential for insect 17 

survival.  Photoreception and its downstream physiological effects can directly or 18 

indirectly influence insect life cycles and behaviour, with outcomes dependent on the 19 

insect’s developmental and physiological state during exposure (Gilbert 1994; 20 

Bradshaw and Holzapfel 2007).  For example, insects use photoperiodic time 21 

measurement for circadian entrainment and developmental synchronization 22 
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(Bradshaw and Holzapfel 2007), and phototaxis behaviour to facilitate dispersal, 23 

resource location, and threat avoidance (Gilbert 1994; Jackowska et al. 2007; Xiang 24 

et al. 2010; Chen et al. 2013).  The mechanisms by which cryptic insects that lack 25 

external photoreceptor organs (i.e. are “eyeless”) regulate these and other light-26 

dependent physiological processes are not well understood.  The term “cryptic,” 27 

which has multiple meanings in the biological sciences, is used in this context to 28 

connote the niche or habit of a physically concealed organism. 29 

 30 

A range of behavioural, genetic and developmental evidence indicates that cryptic 31 

insects, including beetles, with reduced or absent photoreceptor organs are able to 32 

perceive light (Shintani et al. 1996; Fox et al. 2007; Xiang et al. 2010; Shintani 2011; 33 

Friedrich et al. 2011; Hustert and Mashaly 2013; Tierney et al. 2015).  Opsins, the G 34 

protein-coupled receptors that form the basis of all animal vision, have been detected 35 

in many extraocular animal tissues (summarized in Porter et al. 2012; Porter 2016) 36 

including the insect brain, where the proteins function independently from image 37 

formation (Shimizu et al. 2001; Lampel et al. 2005; Spaethe and Briscoe 2005; 38 

Velarde et al. 2005).  Long-wavelength visible light (480-600 nm) is particularly 39 

important to the functional ecology of insects living in low-light environments, and 40 

long-wavelength sensitive opsin expression is prevalent among cryptic insects 41 

(Jackowska et al. 2007; Friedrich et al. 2011; Tierney et al. 2015).   42 

 43 
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In this study, we used the mountain pine beetle, Dendroctonus ponderosae Hopkins 44 

(Coleoptera: Curculionidae, Scolytinae), an eruptive bark beetle species with 45 

extensive ecological and economic impacts in North America (Safranyik et al. 2010) 46 

to investigate photosensitivity in a cryptic insect species.  Bark beetles, which are 47 

eyeless [lacking stemmata (Jordal 2014)] as larvae, develop primarily within 48 

subcortical tree tissues where they are shielded from direct illumination in the 49 

immature stages.  Dispersing D. ponderosae adults attack host pine trees, boring into 50 

the phloem layer beneath the bark where they construct galleries and lay eggs 51 

(Safranyik and Carroll 2006).  The eggs hatch and the larvae construct galleries in the 52 

phloem, passing through four instars before pupating and eclosing into young teneral 53 

adults.  Once mature, the adults emerge from the natal host and disperse in search of 54 

new host trees.  Thus, D. ponderosae’s entire life cycle, except for adult dispersal, is 55 

completed beneath the bark of trees.  Based upon existing observations of light 56 

sensitivity in cryptic beetles (Friedrich et al. 2011; Tierney et al. 2015), including the 57 

immature stages of some subcortical tree-tissue developing species (Shintani et al. 58 

1996; Doležal and Sehnal 2007; Shintani 2011; Hustert and Mashaly 2013), we 59 

hypothesized that D. ponderosae larvae could receive and respond behaviourally to 60 

light. 61 

 62 

Phototaxis assays were used to assess the ability of D. ponderosae larvae to react to 63 

light.  After evaluating phototactic behaviour in larvae, we investigated the potential 64 

for photoreception in D. ponderosae larvae at the molecular level by examining 65 
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immature insects for opsin gene expression.  We exposed trends in opsin gene 66 

transcription across developmental stages and between larval body parts.  Our results 67 

expand upon current knowledge of extraocular photoreception in insects to include 68 

behavioural and genetic evidence of light sensitivity in larvae of a bark beetle. 69 

 70 

METHODS 71 

Phototaxis experiment 72 

We used phloem sandwich phototaxis assays to test whether D. ponderosae larvae are 73 

able to receive and respond behaviourally to light.  Larvae were sourced from four 74 

lodgepole pine [Pinus contorta Douglas ex Loudon var. latifolia Engelm. (Pinaceae)] 75 

trees, felled on 24 September 2015 near Grande Prairie, Alberta (N54.55396 ° 76 

W118.71654 °) and on 21 September 2016 outside Whitecourt, Alberta (N54.22197 ° 77 

W116.59433 ° and N54.28255 ° W116.59732 °).  Infested logs were held in a walk-in 78 

cold room at 0 °C or below until, as required for experimentation, larvae were 79 

extracted from beneath the bark.  Extracted larvae were held at 22 °C for up to three 80 

days so that the insects had resumed activity before use in experiments.  To obtain 81 

fresh phloem for the experiment, we collected logs from a shore pine [Pinus contorta 82 

Douglas ex Loudon var. contorta (Pinaceae)] from Jordan River, Vancouver Island 83 

(N48.40119 ° W123.88644 °) in late July 2016.  The logs were held at 5.0-6.0 °C 84 

until needed for phloem sandwiches construction. 85 

 86 
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To construct a sandwich (Fig. 1), a 14 X 14 cm phloem square was peeled away from 87 

the sapwood and placed phloem side up in the centre of a large pane of glass (15 X 30 88 

cm) edged with black duct tape.  Four 1.2 X 0.5 cm oval-shaped punches were made 89 

horizontally along the midline of the phloem square, and a third or fourth-instar D. 90 

ponderosae larva was placed into each punch.  Two 15 X 15 cm glass panes, one 91 

unaltered and the other coated with black duct tape, were placed on top of the phloem 92 

so that the edges butted against one another directly across the punches, and the 93 

sandwich was tightly secured.  Larval movement within the small punches was 94 

unconstrained in assembled sandwiches, and thus larvae were distributed and oriented 95 

hazphazardly in the punches at the time of experiment commencement.  The 0.6 cm 96 

thick tempered glass panes (Oldcastle Glass; Langley, British Columbia) used to 97 

construct the sandwiches did not filter ultraviolet light. 98 

 99 

Eight sandwiches were run simultaneously beneath a 35 X 57 cm bank of two broad-100 

spectrum fluorescent lights (SunBlaster 2 ’ T5 HO 24 W 6400 K with NanoTech T5 101 

Reflector Combo, SunBlaster Lighting #0900302).  The bulbs mimic sunlight, and 102 

emit small amounts of both UVB (280-320 nm) and UVA (320-400 nm) (Sang et al. 103 

2015) radiation (SunBlaster Lighting 2017).  The light bank was suspended 33.5 cm 104 

above the sandwiches and produced a maximum light intensity, or illuminance, of 105 

4740 lux.  The phloem sandwiches were arranged in four different grid configurations 106 

to account for any geotaxis or directional preference of the larvae beneath the light 107 

bank, and each configuration was run twice for a total of eight experimental runs.  108 
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After 96 hours, sandwiches were disassembled and larvae were individually scored 109 

for dark or light microhabitat selection, which we determined from the position of 110 

each larva after mining or wandering beneath the treatment panels.  Larval galleries 111 

were measured to the nearest 0.25 cm.  An experimental control of four runs was 112 

conducted in the absence of light to assess the expected “light” (unmodified glass) to 113 

“dark” (duct-tape covered glass) panel selection ratio of 1:1. 114 

 115 

Phloem temperatures beneath the dark and light panels were measured in each 116 

sandwich from half of the experimental and control runs.  A temperature logger 117 

[HOBO Pro v2 2X External Temperature Data Logger (Part # U23-003), Onset 118 

Computer Corporation; Bourne, Massachusetts, United States of America], recording 119 

the temperature every five minutes, was inserted into each treatment panel.  The 120 

sensor end of each temperature probe was fit tightly against the phloem, and a small 121 

piece of white duct tape on the glass prevented light from transferring to the metal 122 

probe directly.  The accuracy and resolution of each temperature logger are reported 123 

to be ± 0.21 °C and ± 0.02 °C, respectively (Onset Computer Corporation 2016); 124 

using standard deviations of phototaxis control temperature data, we determined the 125 

precision of the loggers to be ± 0.05 °C.  126 

 127 

Phototaxis data analysis  128 

A chi-square analysis was used to test whether the observed experimental larva 129 

microhabitat selection frequencies differed significantly from the expected light to 130 
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dark selection ratio under the null hypothesis (no effect of light treatment on larval 131 

behaviour).  Expected frequencies were calculated using data from control larvae 132 

assayed in the absence of light.  A total of 256 test larvae (four larvae per sandwich) 133 

were used in the experiment, of which 65 individuals failed to make a selection 134 

[either remaining in the punch and not mining (54 larvae), or, in a few (11 larvae) 135 

cases, mining along or returning to the midline], and another 33 either died (14 136 

larvae) or went missing (19 larvae) during the experiment.  These 98 larvae were 137 

excluded from analysis, while the 158 insects that did display discrete microhabitat 138 

selections were evaluated statistically.  Following the same criteria, 57 out of the 128 139 

control larvae (28 dead or missing, and 39 that displayed no microhabitat selection), 140 

were excluded from analysis, yielding 71 larval observations suitable for analysis.   141 

 142 

A Wilcoxon rank-sum test was used to assess the effect of light treatment on larval 143 

gallery lengths, and a Wilcoxon signed-rank test was used to determine whether the 144 

mean temperatures (calculated using HOBOware Pro Version 3.7.4, Onset Computer 145 

Corporation; Bourne, Massachusetts, United States of America) of the dark and light 146 

treatment panels differed.  All statistical analyses were performed in RStudio 147 

(RStudio Team 2012; R Core Team 2015).  148 

 149 

Opsin gene expression 150 

We first detected the presence of two insect visual opsin orthologs in the D. 151 

ponderosae genome (Keeling et al. 2013): a long-wavelength sensitive and an 152 
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ultraviolet sensitive opsin.  This is consistent with NCBI amino acid sequence 153 

annotations [rhodopsin-like, XP_019757680.1; ultraviolet-sensitive-like opsin, 154 

XP_019755582.1 (NCBI Resource Coordinators 2017)] and published research on 155 

opsin diversity in beetles (Sharkey et al. 2017).  A bioinformatics server terminal at 156 

the University of Victoria (Victoria, British Columbia) was used to compare a 157 

complete opsin sequence dataset for Danio rerio Hamilton (Cypriniformes: 158 

Cyprinidae) (41 sequences) against the D. ponderosae genome database, using a 159 

BLAST (tBLASTx) (Altschul et al. 1990) search, and hits were analyzed for opsin 160 

homology. 161 

 162 

We used qPCR and nucleotide sequencing to evaluate the expression of the long-163 

wavelength and ultraviolet opsins across D. ponderosae life stages (fourth-instar 164 

larvae, pupae, and teneral and emerged adults), followed by analysis of long-165 

wavelength opsin expression in the younger stages (eggs, and first, second and third-166 

instar larvae) (n = 4 individuals per life stage, except for eggs where n = 2).  To 167 

assess the location(s) of long-wavelength opsin transcription in the larval body, we 168 

quantified relative expression in the heads versus bodies of fourth-instar larvae (n = 169 

7).  Insect samples originated from a source population near Grande Prairie, Alberta, 170 

and were reared from either field-collected (older life stages) or laboratory-infested 171 

logs (younger life stages) under constant temperature (18-19 °C) and photoperiod 172 

(17:7 or 10:14 h L:D).   173 

 174 
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RNA extraction and cDNA production 175 

Insect specimens were processed individually using phenol-chloroform RNA 176 

extractions (TRIzol, Invitrogen, Thermo Fisher Scientific), with the addition of 177 

glycogen as needed to increase pellet visibility.  RNA was assessed for quality 178 

(NanoDrop 2000 Spectrophotometer, Thermo Scientific), and concentration 179 

standardized RNA solutions were subject to genomic DNA deactivation using 180 

DNAse 1 (Thermofisher), following manufacturer protocol.  Reverse transcription 181 

was performed using 5X All-In-One RT MasterMix (Applied Biological Materials 182 

Inc.), according to the manufacturer’s instructions.  The cDNA products were diluted 183 

to either 1:2, 1:3 or 1:5 for qPCR analysis. 184 

 185 

qPCR 186 

Quantitative real-time PCR (qPCR) analyses were performed using 16 µL ABM 187 

EvaGreen 2X qPCR Master Mix reactions (SYBR) in a CFX96 Touch Real-Time 188 

PCR Detection System (C1000 Touch Thermal Cycler, Bio-Rad), according to 189 

manufacturer instructions (Applied Biological Materials Inc.).  Each cDNA sample 190 

was analyzed in duplicate or triplicate, alongside no-template negative controls.  We 191 

analyzed long-wavelength (LW) and ultraviolet (UV) opsin expression across life 192 

stages using presence/absence of transcription only, as the samples were not 193 

representative of an independent cohort. 194 

 195 
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Long-wavelength opsin expression data were normalized using two reference genes, 196 

ribosomal protein subunit 3 (RPS3) and beta-actin (bAct) (Sang et al. 2015).  Primers 197 

(LW, UV, RPS3, bAct; summarized in Table A.1) (Integrated DNA Technologies, 198 

Coralville, Iowa) were designed using Geneious version 9.1.5 (Kearse et al. 2012, 199 

http://www.geneious.com), IDT OligoAnalyzer 3.1 (Integrated DNA Technologies, 200 

2016, https://www.idtdna.com/calc/analyzer) and Primer-BLAST (Ye et al. 2012).  201 

Amplified sequence identity was confirmed for each target using Sanger nucleotide 202 

sequencing (Macrogen, Maryland or Sequetech, California, United States of 203 

America).  Standard curves (LW, RPS3, bAct) spanning six orders of magnitude were 204 

generated from four ten-fold dilutions of adult beetle cDNA.  205 

 206 

Gene expression data analysis 207 

A maximum Cq value variation threshold of 0.5 cycles for technical replicates was 208 

enforced for each sample.  For samples run in triplicate, the two replicates with the 209 

closest Cq values were selected.  Relative expression (R) of the long-wavelength 210 

opsin was quantified using methods outlined in the IDT PrimeTime qPCR 211 

Application Guide (Brookman-Amissah et al. 2015, pp. 57-58 [equation (4)]).  212 

Calculations and subsequent analyses were performed separately for the long-213 

wavelength opsin relative to either reference gene (RPS3 or bAct).  R values were log 214 

transformed prior to analysis, and normality of the logR distributions confirmed.  A 215 

paired t-test was implemented to evaluate expression levels in the heads versus bodies 216 

of fourth-instar larvae.  The presence/absence of long-wavelength and ultraviolet 217 
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opsin transcripts was determined by comparing technical replicate Cq values (at least 218 

two replicates P to EA < 0.5 cycles apart), and melt curve peaks with the known 219 

values for the previously sequenced products.  Analyses were executed in RStudio 220 

(RStudio Team 2012; R Core Team 2015), and data were plotted using ggplot2 221 

(Wickham 2009). 222 

 223 

RESULTS 224 

Phototaxis experiment 225 

D. ponderosae larvae were negatively phototactic, with 101 larvae recovered from 226 

the dark microhabitats and 57 from the light microhabitats (χ2
1

 = 8.83: P < 0.01) (Fig. 227 

2) at the time of experiment completion.  Control larvae did not deviate from the 1:1 228 

“light” (unmodified glass) to “dark” (duct-tape covered glass) panel selection ratio 229 

within phloem sandwich units assayed in the absence of light (dark n = 37, light n = 230 

34).  The dark to light microhabitat selection ratio of the test larvae (101/57) was 231 

compared to the panel selection frequency calculated from the control larvae (37/34).  232 

There was no difference in the mean temperature of the light and dark microhabitats 233 

(mean ± SD dark panel 23.8 ± 1.06 °C, light panel 23.8 ± 1.09 °C) (Wilcoxon signed-234 

rank test: V = 219.5: P = 0.41).  Light treatment had no effect on larval gallery 235 

lengths (dark 2.51 ± 1.41 cm, light 2.91 ± 1.65 cm) (Wilcoxon rank-sum test: W = 236 

1532.5: P = 0.16). 237 

 238 

Opsin gene expression analysis 239 
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Long-wavelength opsin transcripts were recovered from each sample and every D. 240 

ponderosae life stage surveyed, including eggs.  All technical replicates amplified 241 

before cycle 32, and the majority of products exhibited distinct melt curve peaks 242 

(87.5 °C).  Ultraviolet opsin transcripts were recovered from pupae, teneral and 243 

emerged adults, but not from larvae.  At least two technical replicates for each post-244 

larval sample were < 0.5 cycles apart with consistent melt peaks (85.5 °C), in contrast 245 

to the lack of specific product amplification in fourth-instar larvae.  The long-246 

wavelength opsin was expressed throughout the bodies of mature larvae, and 247 

transcript levels were significantly elevated in the head compared to the body [RPS3 248 

paired t-test: t6 = 2.71: P < 0.05 (Fig. 3); bAct paired t-test: t6 = 2.91: P < 0.05].  249 

Efficiencies for each of three primer sets (LW, RPS3, bAct), and melt curve peaks for 250 

each amplified product (LW, UV, RPS3, bAct), are summarized in Table A.1.  There 251 

was no genomic DNA amplification in any of our RNA control (DNAse-treated) 252 

samples, indicating that all qPCR analysis reflected levels of gene expression only 253 

(data not shown).  Additionally, Sanger sequencing confirmed that the RPS3 product 254 

was consistent with cDNA and not genomic amplification, as it lacked the intronic 255 

region spanned by the RPS3 primers. 256 

 257 

DISCUSSION 258 

This study revealed that mature D. ponderosae larvae are photosensitive and respond 259 

behaviourally to light.  We demonstrated negative phototaxis in mature larvae using a 260 

phloem sandwich assay.  While positive phototaxis, and reversal to negative 261 
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phototaxis after a period of flight, is known in adult D. ponderosae and other bark 262 

beetles (Reid 1962; Shepherd 1966; Safranyik 1978; Groberman and Borden 1982; 263 

Safranyik et al. 1989), our results represent what we believe to be the first description 264 

of negative phototaxis among larval Scolytinae.  Long-wavelength opsin transcripts 265 

were recovered from all life stages, including eggs (potentially late embryos), while 266 

ultraviolet opsin transcripts were recovered from pupae and adults but not from 267 

larvae.  The heads of mature larvae had higher levels of long-wavelength opsin 268 

transcription than the bodies.  All immature Scolytinae, including D. ponderosae 269 

(Fig. 4), lack stemmata (Jordal 2014), and therefore our data provide support for an 270 

opsin-mediated mechanism of extraocular photorception in D. ponderosae larvae. 271 

 272 

Our finding of negative phototactic behaviour in bark beetle larvae is consistent with 273 

other reports of light avoidance by eyeless invertebrates including Caenorhabditis 274 

elegans Maupas (Rhabditida: Rhabditidae) (Edwards et al. 2008; Gong et al. 2016), 275 

the springtail Folsomia candida Willem (Collembola: Isotomidae) (Fox et al. 2007), 276 

and larval Drosophila melanogaster Meigen (Diptera: Drosophilidae) (Xiang et al. 277 

2010; Kane et al. 2013), and by cryptic beetles with reduced ocular organs including 278 

the troglomorphic carrion beetle Ptomaphagus hirtus Tellkampf (Coleoptera: 279 

Leiodidae, Cholevinae) (Friedrich et al. 2011) and larvae of the red palm weevil, 280 

Rhynchophorus ferrugineus Olivier (Coleoptera: Curculionidae, Dryophthorinae) 281 

(Hustert and Mashaly 2013).  Negative phototaxis in Drosophila larvae is essential to 282 

survival, as, analogous to the habits of bark beetle larvae, the insects must remain 283 
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submerged in their food to avoid exposure to threats (Xiang et al. 2010).  Hustert and 284 

Mashaly’s (2013) discovery of negative phototaxis and long-wavelength light 285 

sensitivity in the ventral nerve chord of R. ferrugineus larvae lends support to our 286 

results for larval D. ponderosae.  Immature R. ferrugineus do possess stemmata 287 

(Anderson and Marvaldi 2014), however, both R. ferrugineus and D. ponderosae 288 

inhabit subcortical tree tissues as larvae and likely encounter comparable light 289 

microhabitats.  290 

 291 

We suggest that negative phototaxis in D. ponderosae larvae functions to maintain 292 

the insects’ placement within the phloem layer, the subcortical habitat that provides 293 

access to essential resources and physical protection from threats.  Woodpeckers 294 

(Picinae) are highly efficient predators of developing bark beetles, and are 295 

responsible for extensive removal of pine bark in natural systems (Amman and Cole 296 

1983; reviewed in Safranyik and Carroll 2006).  Woodpeckers may therefore exert 297 

direct (i.e. predation) and indirect (i.e. exposure to other biotic and abiotic threats) 298 

selection pressures favouring light avoidance behaviour in D. ponderosae larvae 299 

developing beneath the bark.  Negative phototaxis may also contribute to larval 300 

distribution within intact bark tissues, as long-wavelength light (green, 550 nm) is 301 

known to penetrate farther into leaf tissues than blue and red light (Vogelmann 1993) 302 

and could theoretically produce a low-light microhabitat gradient within the phloem 303 

layer.   304 

 305 
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D. ponderosae larvae are sensitive to light despite the lack of stemmata, which likely 306 

indicates extraocular photoreceptive abilities.  The most obvious candidate 307 

extraocular photoreceptor was the long-wavelength sensitive opsin that we found 308 

expressed throughout the D. ponderosae larval body.  Our interpretation of the 309 

detectable expression levels in both the head and body is that the long-wavelength 310 

opsin is likely transcribed throughout the central nervous system, in both the brain 311 

[probably in the optic lobes (Lampel et al. 2005; Spaethe and Briscoe 2005; 312 

Buschbeck and Friedrich 2008)] and the ventral nerve chord (Hustert and Mashaly 313 

2013).  The identification of long-wavelength opsin expression in D. ponderosae 314 

larvae is consistent with other studies of cryptic beetle opsins, including the cave 315 

beetle P. hirtus (Friedrich et al. 2011) and Limbodessus palmulaoides, a species of 316 

subterranean diving beetle (Dytiscidae) (Tierney et al. 2015).   317 

 318 

The recovery of long-wavelength opsin transcripts from all D. ponderosae life stages 319 

likely reflects the importance of the low-level light detection throughout the beetle’s 320 

life cycle (Jackowska et al. 2007).  In contrast, ultraviolet opsin transcripts were 321 

recovered from D. ponderosae pupae and adults and not from fourth-instar larvae, 322 

which is coincident with the development of compound eyes.  While both long-323 

wavelength and ultraviolet opsins expressed in the compound eyes are likely to 324 

function in adult D. ponderosae dispersal, ultraviolet wavelengths are more directly 325 

linked to navigation in weevils and other insects (Chen et al. 2013; Wang et al. 2013; 326 

Stone et al. 2014; Ilić et al. 2016).  Ultraviolet opsins orthologs are absent in a 327 
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number of cryptic beetles (Friedrich et al. 2011; Tierney et al. 2015; Sharkey et al. 328 

2017) that presumably do not require ultraviolet sensitivity for adult navigation.   329 

 330 

In addition to the reception of phototaxis-inducing light stimuli, the long-wavelength 331 

sensitive opsin could also mediate circadian regulation and photoperiodism in D. 332 

ponderosae larvae.  Both cerebral and visual opsins have been speculated to function 333 

in circadian entrainment and the reception of photoperiodic information in the brains 334 

of insects (Shimizu et al. 2001; Lampel et al. 2005; Spaethe and Briscoe 2005; 335 

Velarde et al. 2005).  Furthermore, the internalized adult stemmata of endopterygote 336 

insects, exemplified by the Hofbauer–Buchner eyelets in Drosophila Fallén (Diptera: 337 

Drosophilidae) that originate from larval bolwig organs, function as deep-brain 338 

photoreceptor organs that are implicated in circadian regulation (reviewed in 339 

Buschbeck and Friedrich 2008).  It is therefore possible that photoperiod and light-340 

mediated entrainment of the larval circadian clock influences D. ponderosae 341 

phenology (Shintani et al. 1996; Doležal and Sehnal 2007; Shintani 2011), 342 

metabolism, and/or activity patterns (Friedrich 2013; Tierney et al. 2017).  Future 343 

studies may identify if and how D. ponderosae uses light information during early 344 

development to regulate daily and seasonal rhythms. 345 

 346 
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FIGURE CAPTIONS 569 

 570 

Figure 1. Diagram illustrating the layering of the main components of a 15 X 30 cm 571 

phloem sandwich that was designed as a phototaxis assay for mature (third and 572 

fourth-instar) D. ponderosae larvae.  Each sandwich was constructed using 0.6 cm 573 

thick tempered glass panes, a square of shore pine [Pinus contorta Douglas ex 574 

Loudon var. contorta (Pinaceae)] phloem (light yellow), clear packing tape, black 575 

duct and masking tape (translucent black).  The completed sandwiches exposed one 576 

half of each larva-containing phloem punch to light (white), and the other to dark 577 

(black). 578 

 579 

Figure 2. Counts of 158 mature D. ponderosae larvae by light or dark microhabitat 580 

selection across eight phototaxis experiment runs (dark n = 101, light n = 57).  Chi-581 

square analysis reveals a significant effect of light treatment on larval behaviour (χ2
1

 582 

= 8.83: P < 0.01).  An expected microhabitat selection ratio was obtained from 71 583 

control larvae assayed in the absence of light (37/34 D/L). 584 

 585 

Figure 3. Boxplot of logR values for long-wavelength opsin expression in the heads 586 

versus bodies of fourth-instar D. ponderosae larvae (n = 7), showing significantly 587 

higher transcript levels in the head than the body [paired t-test: t6 = 2.71: P < 0.05 588 

(RPS3 reference gene)]. 589 

 590 
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Figure 4. Scanning electron micrograph of a fourth-instar D. ponderosae larva 591 

showing the lack of exterior photoreceptor organs (stemmata).  The larval specimen 592 

was processed by critical point drying and white gold sputter coating, and was 593 

imaged using a Hitachi S-3400N Scanning Electron Microscope (Pacific Forestry 594 

Centre, Canadian Forest Service, Natural Resources Canada; Victoria, British 595 

Columbia, Canada). 596 
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APPENDIX 615 

 616 

Table A.1. Summary of primer melt temperatures and nucleotide sequences, primer 617 

pair product sizes (bp), efficiencies (%) and R2 values, and amplified product melt 618 

curve peak temperatures (°C), for each of the genes targeted in this study.  619 

Target Direction 
Melt 
temp 
(°C) 

Primer sequence Product 
size (bp) 

Primer pair 
efficiencies 

(%) 

Primer 
pair R2 

Melt curve 
peak (°C) 

 
LW 

opsin 
Forward 58.7 AATCCGATAGTT 

TACGGCATCAG 140 101.7% 0.993 87.5 
(87.0, 88.0) 

 Reverse 62.6 TTTTCGTCGGCA 
ACATTGGTCAC  	

UV 
opsin Forward 61.3 

TTTGCGACTTTA 
TGATGATGCTGA 
AAG 

140 NA NA 85.5 
(84.5) 

 Reverse 61.1 GTTCGTCATTCC 
AGCCCCTATTC  	

RPS3 Forward 60.4 TCGAAGAAACG 
CAAATTCGTCG 155 104.0% 0.999 83.0 

(82.5, 83.5) 

 Reverse 59.7 
GTCGCCATAATA 
ATGATCTCTGTA 
CG 

 

b-Actin Forward 59.8 AGGAGCACCCA 
GTCCTTCT 139 105.2% 0.997 84.5 

(85.0, 85.5) 

 Reverse 60.5 GAAGCGTACAG 
GGAGAGCAC  	

 620 




