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Abstract  

 

Effects of temperature on biological processes are complex. Diffusion is less affected than the 

diverse enzymatic reactions which have distinct individual temperature profiles. Hence 

thermal fluctuations pose a formidable challenge to ectothermic organisms where body 

temperature is largely dictated by the ambient temperature. How cells in ectotherms cope 

with the myriad disruptive effects of temperature variation is poorly understood at the 

molecular level. Here we show that nucleocytoplasmic posttranslational modification of 

proteins with O-linked N-acetyl-β-D-glucosamine (O-GlcNAc) is closely correlated with 

ambient temperature during development of distantly related ectotherms ranging from the 

insect Drosophila melanogaster, the nematode Caenorhabditis elegans to the fish Danio 

rerio. Regulation appears to occur at the level of activity of the only two enzymes, O-

GlcNAc transferase and O-GlcNAcase, that add and remove, respectively, this 

posttranslational modification in nucleus and cytoplasm. With genetic approaches in D. 

melanogaster and C. elegans, we demonstrate the importance of high levels of this 

posttranslational modification for successful development at elevated temperatures. As many 

cytoplasmic and nuclear proteins in diverse pathways are O-GlcNAc targets, temperature-

dependent regulation of this modification might contribute to an efficient co-ordinate 

adjustment of cellular processes in response to thermal change.  
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Significance Statement 

Unlike in birds and mammals, cells in most other organisms live at temperatures which 

correspond closely to those of the environment. Change in ambient temperature is a 

tremendous challenge for these cells. How ectothermic cells can adjust to the complex effects 

of temperature change is not understood in detail. Here we demonstrate that ambient 

temperature correlates with the level of a particular posttranslational modification of 

cytoplasmic and nuclear proteins in cells of different ectotherms (fruit fly, roundworm, 

zebrafish). Moreover, high levels of this protein modification (O-GlcNAc) are shown to be 

important for successful development at high temperatures. Concerted temperature-dependent 

O-GlcNAcylation of a wide range of cellular proteins might therefore support the myriad 

adjustments required in response to temperature change. 
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\body  

 

Introduction 

Ambient temperature can fluctuate over various time scales and degrees in different 

ecological niches. Organisms cope with thermal fluctuations using alternative strategies. 

Endotherms like humans rely primarily on internally generated heat in combination with 

intricate regulation for maintenance of a relatively high and constant core body temperature. 

In contrast, the majority of organisms are ectotherms that produce far less heat. Their internal 

temperature is primarily dictated by the environment. Cells in some ectotherms are able to 

acclimate over a remarkable range of ambient temperatures even though temperature change 

has pervasive effects. All biological processes depend on temperature, but notably not in a 

uniform manner. Compensation of the myriad disruptive effects of temperature change at the 

cellular level necessitates extremely complex regulation. Our understanding of the 

responsible molecular mechanisms is still remarkably poor even though ambient temperature 

is often the major ecological determinant of species range.  

   Beyond advanced genetics, D. melanogaster embryos provide additional advantages for 

studies at the cellular and molecular level, as behavioral responses to temperature change do 

not yet occur during the immotile early stages. Our characterization of temperature effects on 

early D. melanogaster development has revealed a unique temperature sensitivity of 

posttranslational modification of nucleocytoplasmic proteins with O-linked N-acetyl-β-D-

glucosamine (O-GlcNAc). O-GlcNAc modification is known to occur on thousands of 

proteins involved in a very wide range of processes including transcription, translation, 

protein degradation, basal metabolism and signaling (1-3). In mammalian cells, O-GlcNAc 

has also been implicated extensively in the response to stress including heat (1, 4-6). In 

contrast to phosphorylation and ubiquitylation, there is only one enzyme, O-GlcNAc 
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transferase (Ogt) that attaches GlcNAc to serine or threonine residues in nucleocytoplasmic 

and mitochondrial target proteins, and only one enzyme, O-GlcNAcase (Oga), that 

specifically removes these modifications (1-3). A different enzyme, Eogt, is responsible for 

O-GlcNAc modification of secreted proteins in D. melanogaster (7). 

   We observe a precise correlation of the levels of intracellular O-GlcNAc modification with 

ambient temperature not only in D. melanogaster but also in the distantly related ectotherms 

C. elegans and D. rerio. As this correlation extends all through the range from detrimentally 

low across readily tolerated to detrimentally high temperatures, temperature appears to 

prevail over stress in the control of O-GlcNAc levels in ectotherms. Using genetic approaches 

in D. melanogaster and C. elegans, we demonstrate the importance of high O-GlcNAc levels 

for successful development at elevated temperatures, similar as reported in case of heat-

stressed mammalian cells (4-6). Our results raise the intriguing possibility that temperature 

regulation of the Ogt/Oga activity balance in ectotherms might be an efficient mechanism for 

concerted adjustment of diverse cellular processes to temperature change. 

 

Results and Discussion 

While heat sensitivity of D. melanogaster embryogenesis has been carefully characterized 

(8), the effects of cold have not been studied in comparable detail. Therefore, we performed 

additional analyses and observed a dramatically higher cold sensitivity during early 

embryogenesis (Fig. S1A), i.e., before cellularization and activation of large-scale zygotic 

transcription when heat sensitivity is also maximal (8). To analyze the effects of cold during 

early development, we compared the organization of various cellular structures in embryos 

aged at the optimal temperature (25ºC) or at low temperatures (14, 11 and 9ºC). While 14ºC 

allowed successful completion of the entire life cycle, 11 and 9ºC resulted in 50% and 90% 

lethality during the early syncytial stages (Fig. S1B). To study nuclear pores, we used 
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fluorescent wheat germ agglutinin (WGA), which binds efficiently to some glycosylated 

nuclear pore proteins (Nups) (9-11). Interestingly, ageing below the optimal temperature 

resulted in reduced WGA signals. Compared to 25ºC, signals at the nuclear envelope were 

about 50% weaker at 11ºC (Fig. 1A). In contrast, signals from anti-lamin Dm0, in double 

labelings with WGA, were not affected by temperature (Fig. 1A). This excludes general 

suppression of fluorescent signals by low temperature regime as an explanation for the low 

WGA signals.  

   To confirm the temperature dependency of the WGA signals, we probed western blots of 

extracts prepared from embryos aged at different temperatures. While most bands detected by 

WGA were not affected by temperature, the intensities of the major and some minor bands 

were well correlated with temperature (Fig. S2A). The major WGA reactive band in embryo 

extracts has been shown to represent modified Nup58 (12). Using Nup58-deficient flies 

rescued by a transgene (gNup58-EGFP), we obtained further confirmation that Nup58 gives 

rise to the main WGA-reactive band in wild-type embryos (Fig. S2B).  

   The posttranslational modification on Nup58 that is recognized by WGA is O-linked N-

acetyl-β-D-glucosamine (O-GlcNAc) (9, 11, 12). However, WGA also binds to GlcNAc and 

sialic acid, which are present in complex carbohydrate modifications attached to proteins 

during transit through the secretory pathway (1, 13). In contrast to WGA, the monoclonal 

antibody RL2 detects O-GlcNAc modifications far more specifically (1, 11, 14). RL2’s 

reaction with O-GlcNAcylated Nup58 and Nup58-EGFP on immunoblots was also 

temperature-dependent (Fig. 1B,D). Amount (Fig. 1B,C) and localization of the functional 

Nup58-EGFP protein (Fig. S2C-E) were not affected by temperature. We conclude that 

ambient temperature specifically affects the extent of O-GlcNAc modification of Nup58.  

   A comparison of embryos expressing either Nup58 or Nup58-EGFP by RL2 

immunoblotting revealed many Nup58-unrelated bands that were also affected by 
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temperature (Fig. 1B). Therefore, O-GlcNAc levels on proteins other than Nup58 appear to 

be influenced by temperature to a comparable degree. To confirm the temperature 

dependence of O-GlcNAc modification on an additional identified protein, we generated a 

transgenic strain expressing O-GlcNAc transferase (Ogt) fused to EGFP. As mammalian 

OGT has been reported to autoglycosylate itself (15, 16), we expected that this fusion protein 

might also be modified. O-GlcNAc modification of D. melanogaster Ogt-EGFP was found to 

be threefold higher at 30 than at 25ºC (Fig. S3). In conclusion, our findings suggest that O-

GlcNAc levels are strongly dependent on ambient temperature. In contrast, the levels of other 

posttranslational modifications analyzed were not correlated with ambient temperature 

according to immunoblotting with antibodies against ubiquitin, phospho-tyrosine and 

additional phospho-epitopes (Fig. S4A). Similarly, the level of phosphorylated alpha subunit 

of AMP-activated protein kinase, which reports energy status (17), was constant over most of 

the analyzed temperature range (Fig. S4B). Thus the striking temperature dependence of O-

GlcNAc levels does not reflect a general failure of cellular homeostasis.  

   The observed O-GlcNAc changes might reflect an initial transient response to stress 

resulting from stepwise temperature change. Accordingly, O-GlcNAc levels might eventually 

return to a temperature-independent target level during continued incubation at non-optimal 

but readily tolerated temperatures. To address this issue, we performed experiments with fly 

cultures that had been kept continuously for at least three generations at either the optimal 

temperature, 25ºC, or at the tolerated suboptimal temperatures 18 and 28ºC. Embryos were 

collected at the corresponding growth temperatures and analyzed by RL2 immunoblotting. O-

GlcNAc levels were found to correlate well with temperature, and temperature dependence 

appeared to be only slightly less pronounced than that observed after temperature shifts (Fig. 

2A, Fig. S5B). To evaluate the temporal dynamics of O-GlcNAc levels in further detail, we 

analyzed extracts of embryos prepared at different times after a shift from 25ºC to either 11 
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or 30ºC. Initial changes after down- and up-shift were already apparent at the first time point, 

i.e., after 20 and 10 minutes, respectively. Full responses developed over a bit more than an 

hour (Fig. S5C,D). We conclude that change of O-GlcNAc levels in response to temperature 

is rapid and permanent.  

   To address whether O-GlcNAc levels respond to temperature at developmental stages other 

than early embryogenesis, we performed RL2 immunoblotting with third instar larvae (Fig. 

2A, Fig. S6A). Moreover, using fluorescent signal quantification we analyzed different larval 

tissues like salivary glands and wing imaginal discs (Fig. S6B-E). Cultured Drosophila S2R+ 

cells were analyzed as well (Fig. 2A, Fig. S7A-E). Comparable temperature dependence of O-

GlcNAc levels was observed in all of these cases. With cultured Drosophila S2R+ cells, we 

compared temperature effects on O-GlcNAc and stress markers (Fig. S7F,G): transcript 

levels of heat shock protein (hsp) genes and activated Jnk kinase, a target of stress response 

pathways (18, 19). These stress markers displayed a temperature dependency distinct from O-

GlcNAc levels. Therefore, O-GlcNAc levels in D. melanogaster are primarily correlated with 

temperature rather than stress. 

   To evaluate whether temperature regulation of O-GlcNAc levels occurs in ectotherms other 

than D. melanogaster, we first analyzed another protostome, the nematode C. elegans. Total 

extracts were prepared from adult worms after a 24 hour exposure to different temperatures 

(10, 16, 20, 24, and 28ºC). Only 10 and 28ºC are beyond the range compatible with 

successful completion of the C. elegans life cycle. RL2 signal intensities were observed to be 

well-correlated with temperature, except for a few bands that decreased from 24 to the highly 

stressful temperature of 28ºC (Fig. 2B). Adult hermaphrodites contained substantial numbers 

of early embryos in which O-GlcNAc levels also correlated with temperature (Fig. 2B). 

Moreover, quantification of RL2 signals in the gonad revealed a correlation with temperature 

(Fig. 2B). To consider an even more distantly related deuterostome, we analyzed D. rerio. In 



 9

zebrafish embryos, the intensities of specific RL2-reactive bands were also strongly 

temperature-dependent (Fig. S8A-C). Temperature regulation of O-GlcNAc levels might 

therefore be an evolutionarily conserved process in metazoan ectotherms. In these animals 

the level of nucleocytoplasmic O-GlcNAc modification appears to be a molecular read-out of 

a cellular thermometer that rapidly responds to changes in ambient temperature in a stage- 

and tissue-independent manner. In HeLa cells of human and thus endotherm origin, 

temperature dependence of O-GlcNAc levels appeared to be less pronounced (Fig. S8D-F).  

   In D. melanogaster, growth and development to the adult stage take approximately twofold 

longer at 18 compared to 25ºC. InR
E19

, a hypomorphic mutation in the insulin receptor gene, 

slows growth and development at 25ºC to a comparable degree as downshift to 18ºC (20). To 

address whether slow growth and development might reduce O-GlcNAc levels independent 

of temperature, we analyzed InR
E19

 wing imaginal discs. Comparison of InR
E19

 and InR
+
 

discs from larvae grown at 25ºC did not reveal significant differences in O-GlcNAc levels 

when analyzed by microscopy (Fig. S9A,B) or RL2 immunoblotting (Fig. S9E). In addition, 

InR pathway activity was altered by posterior compartment-specific over-expression of either 

phosphoinositide 3-kinase (PI3K) or the Phosphatase and Tensin homolog (PTEN) at 25ºC. 

Although the expected consequences on disc growth (21-23) were clearly observed, we were 

unable to detect significant effects of genetically altered InR signaling on O-GlcNAc levels 

by sensitive microscopic analysis (Fig. S9C,D). However, in striking contrast to the analyses 

with isolated wing discs, RL2 immunoblotting of total larval extracts clearly displayed 

reduced O-GlcNAc after genetic inhibition of InR signaling (Fig. S9F). The effects of InR 

signaling on O-GlcNAc levels are therefore tissue-specific. Nevertheless, our findings with 

imaginal discs growing at a reduced rate because of either low temperature or impaired InR 

signaling suggest that O-GlcNAc levels do not simply correspond to growth rates. O-GlcNAc 

reduction by low temperature is therefore unlikely to result indirectly from a primary effect 
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on growth rate. More generally, we would like to point out that regulation of O-GlcNAc in D. 

melanogaster is not governed exclusively by temperature. Indeed, other regulatory inputs are 

known (24-29). We would also like to point out that in our analysis of larval extracts (Fig. 

S9F-H), we did not observe reduced Ogt levels in Oga
P
 mutants. Moreover, Ogt knockdown 

was not paralleled by reduced EGFP-Oga levels. Therefore, the compensatory O-GlcNAc-

homeostatic regulation that is clearly observed after experimental alterations of OGT and 

OGA levels in mammalian cells (6) does not appear to occur in D. melanogaster. 

   O-GlcNAc modification by Ogt requires the donor substrate UDP-GlcNAc, which is 

generated by the hexosamine biosynthesis pathway (HBP) (1). A pronounced temperature 

dependency of HBP might result in a correlation of cellular UDP-GlcNAc levels with 

temperature and thereby cause O-GlcNAc temperature dependence. To evaluate this notion 

we quantified HBP products in early embryos aged at either 14, 25 or 29ºC. UDP-N-acetyl 

hexosamine (UDP-HexNAc) levels were found to be maximal at the optimal temperature of 

25ºC and slightly lower at both 14 and 29ºC (Fig. 3A). We conclude that temperature 

dependent changes in O-GlcNAc levels are not likely to be caused by effects of temperature 

on UDP-GlcNAc concentrations. UDP-GlcNAc is not only a donor for nucleocytoplasmic O-

GlcNAc modification, but also for various complex carbohydrate modifications in the 

secretory pathway. Consistent with our finding that UDP-HexNAc levels did not correlate 

with temperature, we were unable to detect effects of temperature on these carbohydrate 

modifications (Fig. S4C,D). Temperature effects on O-GlcNAc levels are therefore likely to 

be caused by regulation downstream of UDP-GlcNAc. To evaluate whether temperature 

regulates the levels of the enzymes Ogt and Oga, we performed quantitative immunoblotting 

with embryos aged at different temperatures. These analyses did not reveal effects of 

temperature on Ogt or Oga levels (Fig. 3B,C). In conclusion, our results suggest that effects 

of temperature on O-GlcNAc levels might be caused by an exquisite temperature sensitivity 
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of the overall balance of Ogt and Oga enzymatic activities that appears to be subject to some 

tissue-specific modulation. 

   To address the physiological relevance of temperature induced O-GlcNAc level change, we 

first performed experiments with C. elegans, in which ogt-1 and oga-1 null mutants are 

known to be viable and fertile at the optimal temperature of 20ºC. As expected, these mutants 

have either undetectable or increased O-GlcNAc, respectively (Fig. 4A) (30, 31). In 

comparison to wild-type, ogt-1 mutants are more sensitive to oxidative stress and UV (32, 

33), and less sensitive to proteotoxicity (34). We were interested in temperature sensitivity. 

To evaluate whether the abnormal O-GlcNAc levels in ogt-1 and oga-1 mutants were 

associated with increased cold- or heat-sensitivity at some stage in the life cycle 

(spermatogenesis, oogenesis and development up to the adult stage), we transferred single 

worms early in L3 to different temperatures. Offspring generated at these temperatures were 

then counted over time. In addition to the optimal temperature (20ºC), we analyzed 

temperatures (9.7 and 26.7ºC) that reduced the brood size of wild type controls severely but 

not to zero. Brood size assays revealed limited differences between ogt-1, oga-1 and wild 

type controls at both 9.7 and 20ºC (Fig. 4B). However, at 26.7ºC, the brood size of ogt-1 

mutants was clearly more strongly reduced than that of the other genotypes (Fig. 4B). 

Therefore, C. elegans OGT-1 is most important when worms develop at high temperatures, 

when O-GlcNAc levels generated by OGT-1 are maximal.  

   In D. melanogaster, sxc(Ogt) is involved in Polycomb-dependent transcriptional control 

and is essential for development to the adult stage (27, 29). Therefore, for our analysis of the 

role of O-GlcNAc in temperature sensitivity, we focused on the early syncytial embryonic 

stages before large scale activation of zygotic transcription. We analyzed embryos obtained 

from mothers unable to provide a normal maternal contribution of either sxc(Ogt) or Oga to 

the egg. In the case of Oga, we used females homozygous for the Oga
P 

allele (35). Two 
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strategies were used to generate embryos lacking maternal sxc(Ogt) function. We applied 

either transgenic RNA interference targeted specifically to the germline during oogenesis 

(sxc(Ogt)-RNAi), or we performed rescue of females transheterozygous for sxc(Ogt) null 

alleles using an Ogt transgene that is not expressed in the germline during oogenesis 

(sxc(Ogt)-res). A comparison of embryo extracts derived from either control (+), Oga
P
, 

sxc(Ogt)-RNAi, or sxc(Ogt)-res females confirmed that O-GlcNAc levels were affected as 

predicted. Compared to control embryos, O-GlcNAc was increased in Oga
P
 and absent from 

sxc(Ogt)-RNAi and sxc(Ogt)-res embryos (Fig. 4C). To evaluate the effects of altered O-

GlcNAc levels on progression through syncytial development at different temperatures, we 

first collected eggs from the different female genotypes at 25ºC for 30 minutes. We then 

incubated the embryos at either optimal temperature (25ºC) or at a pejus temperature (11 and 

34 ºC) for the rest of syncytial embryogenesis. Thereafter, embryos were returned to 25ºC to 

allow them to complete the latter, zygotically controlled, stages of embryogenesis. Finally the 

fraction of eggs from which larva hatched was determined. As with C. elegans, the most 

drastic reduction of successful development was observed in embryos lacking O-GlcNAc 

after incubation at high temperature (Fig. 4D, p values in Table S1). This pronounced high-

temperature sensitivity after elimination of maternal Ogt was observed with both genotypes: 

sxc(Ogt)-RNAi and sxc(Ogt)-res (Fig. 4D). It was not observed when the transgenes required 

for the generation of sxc(Ogt)-res females were present in an sxc(Ogt)
+
 background (Fig. 

4D). Moreover, independent experiments in a different genetic background fully confirmed 

that sxc(Ogt)-res are much more sensitive to high temperature than Oga
P
 and Oga

+
 sxc(Ogt)

+
 

embryos (Fig. S10A, p values in Table S1). Complementing cytological analyses of syncytial 

embryos also confirmed this conclusion (Fig. S10B). Therefore, in addition to reporting a 

striking correlation between ambient temperature and the level of nucleocytoplasmic O-

GlcNAc in ectothermic model organisms, our analyses indicate that high O-GlcNAc is 
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crucial for successful development at elevated temperatures in both C. elegans and D. 

melanogaster.  

   Relative to ubiquitinylation and phosphorylation, the control of O-GlcNAc levels is far 

simpler, involving only two proximal enzymes, Ogt and Oga. Their control by ambient 

temperature appears to result in a concerted regulation of O-GlcNAc modification level on 

many target proteins that function in a wide range of biological processes. Therefore, control 

of O-GlcNAc levels by temperature might have evolved in ectotherms to support co-ordinate 

correction of the disparate disruptive effects of varying ambient temperature on various 

cellular processes. 

 

Materials and Methods 

C. elegans, D. melanogaster and D. rerio strains. Mutant alleles of C. elegans ogt-1 and 

oga-1, as well as D. melanogaster sxc(Ogt) have been described previously (27, 29-31, 36). 

Mutations in D. melanogaster Oga (Oga
P
) and Nup58 (Nup58

Ex1
) as well as various 

transgenes (UAS-Ogt-EGFP, UAS-sxc(Ogt)
RNAi

, gEGFP-Oga, gNup58-EGFP) were 

generated and characterized as described in detail in Supplemental information. As all 

transgenes were established in a w mutant background, w was used as our “wild type” control 

strain. Before the analysis of temperature sensitivity during the syncytial stages of D. 

melanogaster embryogenesis, we backcrossed the Oga
P
, P{UAST-Ogt}, P{w

+
, da-GAL4}G32 

and P{w
+
, matα4-GAL-VP16}V2H to w for at least four generations. The genotype of females 

that do not provide maternal sxc(Ogt) was either w; sxc(Ogt)
1
/sxc(Ogt)

2637
; P{w

+
, da-

GAL4}G32/UAST-Ogt (sxc(Ogt)-res) or w; P{w
+
, matα4-GAL-VP16}V2H/+; UAST-

sxc(Ogt)
RNAiCLb38

/+ (sxc(Ogt)-RNAi). These females were mated with w males.  
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   Before brood size analyses with C. elegans, we backcrossed the intragenic deletions oga-

1(ok1207) and ogt-1(ok430) in strains RB1169 and RB653, respectively, with the wild-type 

control strain (N2) at least five times.  

   D. rerio embryos were obtained from single pair matings of wild-type fish from the inbred 

Tu strain (37). Embryos at the one cell stage were separated into three aliquots and aged at 

24, 28 and 32ºC for 180, 165 and 150 minutes, respectively, until the 512 cell stage (38), 

followed by preparation of total embryo extracts. OGT is known to be expressed at this stage 

(39). 

 

Cell culture, immunoblotting and immunofluorescence. Drosophila S2R+ and HeLa cells 

were cultured using standard protocols. Total extracts from cells and embryos were resolved 

by SDS-PAGE before immunoblotting and detection using enhanced chemiluminescence 

(ECL, Amersham). Treatment of cells and embryos before extract preparation and before 

fixation for immunofluorescence were performed either with solutions pre-equilibrated to the 

different incubation temperatures or on ice. Mouse monoclonal antibody RL2 (Abcam) was 

selected for O-GlcNAc detection, as evaluation by immunoblotting with D. melanogaster 

Ogt
+
 and Ogt

-
 larval extracts proved RL2’s sensitivity and specificity to be far higher than 

that of alternative antibodies (CTD110.6 and HGAC85). All other antibodies and lectins, as 

well as experimental details of immunoblotting and immunofluorescence experiments 

including signal quantification are described in Supporting Information. 

 

Hatch rate assays. With larval hatch rate assays, we determined the fraction of D. 

melanogaster eggs from which larvae hatched successfully. Adults with the appropriate 

genotypes were transferred to egg collection cages. After egg collection at 25°C for 30 

minutes (or as specified), agar plates with eggs were immediately divided into three parts. 
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The first part was aged at the optimal temperature (25ºC), the second part at a temperature 

either below or above the optimum, and the third part was used as for collection quality 

control. For incubation at defined temperatures, collection plates were floated on the surface 

of a pre-equilibrated water bath located within an incubator. Mercury thermometers in 

combination with electronic temperature loggers were used for temperature measurement. 

Incubation at non-optimal temperature was for 1.5 hours (32 and 34ºC) or 12 hours (11ºC). 

After ageing for the desired time at the non-optimal temperature, collection plates were 

returned to 25ºC. After an additional 24 – 28 hours at 25ºC, the plates were inspected with a 

stereomicroscope and the fraction of hatched eggs was determined. On each collection plate, 

we scored usually around 100 eggs and never less than 30. For control of egg collection 

quality, eggs on the third part of a given collection were aged for an additional hour at 25ºC 

before fixation and DNA staining. Based on the DNA staining pattern, eggs were classified as 

either “unfertilized”, “over-aged” or “on time” (i.e. mitotic cycle 8 – 13). Occasional egg 

collections characterized by an unusually high fraction of over-aged embryos were discarded 

because cold-resistance increases dramatically during cellularization and gastrulation (Fig. 

S1A). Moreover, the fraction of unfertilized eggs was not considered when calculating the 

larval hatch rate.  

 

C. elegans brood size assays. Progeny from the different strains were synchronized (see 

Supplemental Information) and single larvae with vulvas at the 2 cell stage, i.e. still before 

the onset of gametogenesis were transferred onto a fresh plate pre-equilibrated to the test 

temperature. Thereafter, plates were shifted to the different test temperatures and the parental 

hermaphrodite was transferred every day to a new plate to avoid overcrowding. Offspring 

was counted over time.  
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Quantification of UDP-HexNAc levels. UDP-HexNAc levels were determined as described 

(40) with minor modifications (see Supplemental information). 

 

Supplemental Information 

Supplemental Information with detailed experimental procedures, ten figures (Fig. S1-S10) 

and one table (Table S1) can be found with this article online at … 
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Figure Legends 

 

Fig. 1. Control of O-GlcNAc level by ambient temperature. (A) D. melanogaster embryos 

aged at either 25ºC (expressing His2Av-mRFP, upper row) or 11ºC (lacking His2Av-mRFP, 

lower row) were mixed before labeling with fluorescent WGA (binding to GlcNAc) and anti-

Lamin. Scale bar = 10 µm. Signal intensities along lines as illustrated in the micrographs 

were plotted and average intensities of signal peaks at the nuclear envelope (+/- SD) are 

displayed in the bar diagram. N = 48 nuclei from at least 12 different embryos. Statistically 

significant differences are indicated (*** = p ≤ 0.001, t-test). (B) Comparison of embryos 

expressing only wild-type Nup58 (Nup58), or only Nup58-EGFP (Nup58-E), or both after 

probing with anti-O-GlcNAc (RL2) revealed temperature dependence of O-GlcNAc 

modification on Nup58. Anti-GFP (EGFP) was used for Nup58-EGFP identification, anti-

PSTAIR to control loading. The dilution series loaded in the three left most lanes was used 

for quantitative comparisons. (C) Quantification of Nup58-EGFP levels after immunoblotting 

with anti-GFP as illustrated in (B). Levels at 25°C were set to 1. N = 3, bars with SD. 

Temperature independence of Nup58-EGFP levels was observed in both the Nup58 null and 

the wild background. (D) Quantification of RL2 signals in either all bands (total) or on 

Nup58 (Nup58) in wild-type extracts, as well as on Nup58-EGFP (Nup58-E) expressed in the 

wild-type background. N = 3, bars with SD. 

 

Fig. 2. Conservation of O-GlcNAc control by ambient temperature. (A) For comparison of O-

GlcNAc temperature dependency, the natural logarithm of signal intensity integrated over all 

bands recognized by RL2 on immunoblots (N ≥ 3) was plotted against the reciprocal of 

temperature (Kelvin) followed by linear regression. Plots are from experiments with D. 

melanogaster embryos analyzed after temperature shifts (embryos shifted), or obtained from 
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flies maintained continuously at different temperatures over several generations (embryos 

constant), or larvae (larvae shifted) and cultured S2R+ cells (S2R+ shifted) after temperature 

shifts. The regression line observed with larvae (blue) is shown in all the plots as a reference 

because larvae could be analyzed over the widest temperature range due to their increased 

thermal tolerance. The chosen type of data plots resulted in remarkably linear correlations 

even though the plots represent temperature dependence of O-GlcNAc signals and not of 

enzymatic rate constants as in standard Arrhenius plots. (B) Total extracts were prepared 

from wild-type adult C. elegans worms (N2) after ageing for 24 hours at the indicated 

temperature, as well as from embryos isolated from these worms. Immunoblots were probed 

with RL2 and anti-αTubulin (loading control). Total RL2 signals observed with adult worms 

were quantified and plotted (see A). Moreover, after RL2 immunolabeling, we quantified 

signal intensities in germline cells in the gonads of worms after incubation at the indicated 

temperatures. Bars represent average with SD indicated (N = 3). Statistically significant 

differences are indicated (*** = p ≤ 0.001, t-test). 

 

Fig. 3. Level of O-GlcNAc control by ambient temperature. (A) The level of hexosamine 

biosynthesis pathway products (UDP-HexNAc) does not correlate with ambient temperature. 

Early embryos were aged at the indicated temperature before determination of UDP-HexNAc 

amount (+/- SD, N = 3). (B,C) Protein levels of Oga and Ogt are not affected by ambient 

temperature. Early embryos were aged at the indicated temperature before extract preparation 

and immunoblotting with the indicated antibodies. Apart from the w control strain (six left 

most lanes), we used strains in which an EGFP-Oga transgene (E-Oga) and an Oga
P
 mutant 

allele were present or absent as indicated. For immunoblotting, we used (from top to bottom) 

RL2, anti-Oga, anti-Ogt and anti-PSTAIR to control loading. Bar diagram displays average 
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signals (+/- SD, N = 3) detected on immunoblots with anti-Oga and anti-Ogt at the indicated 

temperatures. Levels at 25°C were set to 1. 

 

Fig. 4. High O-GlcNAc is crucial for successful development at elevated temperatures. (A) 

RL2 immunoblotting with adult C. elegans worm extracts from N2 wild-type control (+) and 

back-crossed strains with null mutations in ogt-1 and oga-1 confirmed absence of O-GlcNAc 

and increased levels, respectively, in the mutants after development at 20°C. (B) Brood size 

at the indicated temperatures was determined for the different C. elegans genotypes. 

Reduction of brood size is most severe in ogt-1 null mutants at high temperature. Between 20 

and 25 hermaphrodites were analyzed for each genotype. Bars represent average with SD 

indicated. All statistically significant differences (t test) are indicated by brackets with * = p 

< 0.05, ** = p < 0.01, *** = p < 0.001 (C) RL2 immunoblotting with D. melanogaster 

embryos collected and aged at 25ºC until stage 2-4 confirmed that progeny of Oga
P
 females 

have increased O-GlcNAc levels compared to controls (+), while progeny of sxc(Ogt)-res 

and sxc(Ogt)-RNAi females is devoid of O-GlcNAc. sxc(Ogt)-res females are rescued from 

the lethality associated with a transheterozygous sxc(Ogt) null mutant background by da-

GAL4 driven UAS-sxc(Ogt) expression which occurs ubiquitously except during oogenesis. A 

truncated non-functional product expressed from the sxc(Ogt) mutant background is indicated 

(asterisk). In sxc(Ogt)-RNAi females, transgenic RNAi is expressed specifically in the germ 

line during oogenesis. (D) D. melanogaster eggs were collected at 25ºC and shifted to the 

indicated temperatures during the syncytial stages of embryogenesis. Larval hatch rates were 

determined after shifting embryos back to 25ºC for completion of embryogenesis after the 

syncytial stages. Control (+), sxc(Ogt)-res and sxc(Ogt)-RNAi progeny were analyzed, as 

well as progeny for additional controls collected from females where rescue transgenes (da-

GAL4 and UAST-sxc(Ogt)) were in an sxc(Ogt)
+
 background. Loss of sxc(Ogt) function 
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precludes successful progression through early embryogenesis in particular at high 

temperature. Bars represent average (N = 3) with SD indicated. 
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Supplemental Materials and Methods 

 

Plamids 

   For generation of pCaSpeR4-gNup58-EGFP, a fragment encompassing the predicted 5’ 

cis-regulatory region and the transcribed region until the end of the Nup58 coding region 

was amplified with the primers PR1 (5’-CAC GAATTC AAACTCACCACGGTGGC-3’) 

and PR3 (5’-GCCA GGTACC ATTGCCTGTCGCATTGCTGG-3’) from yw genomic 

DNA. After digestion with EcoRI and Acc65I, the fragment was inserted into the 

corresponding sites within the polylinker of pCaSpeR4. Into the resulting cloning 

intermediate, the EGFP coding region was inserted after enzymatic amplification with 

RaS79 (5’-GC GGTACC ATGGTGAGCAAGGGCGAG-3’) and RC36 (5’-AAGAT 

GCGGCCGC TTACTTGTACAGCTCGTCCATG-3’) using Acc65I and NotI. Finally 

the Nup58 3'UTR and flanking region was added after enzymatic amplification with PR6 

(5’-ACAG GCGGCCGCG AATGGCACTCTTTACAAGTTT-3’) and PR5 (5’-TGCA 

TCTAGA AGATTGTTGCGTGTGAAATATA-3’) using NotI and XbaI. Starting from 

pCaSpeR4-gNup58-EGFP, we generated pattB-gNup58-EGFP by excision of the gNup-

EGFP region with EcoRI and XbaI and transfer into the corresponding sites within the 

polylinker of pattB (1). 

   The pCoBlast-gNup58-EGFP plasmid was generated for the production of stably 

transformed S2R+ cells by enzymatic amplification of the pCaspeR4-gNup58-EGFP 

insert region using the primer pair Pry1 (5’-CCT TAGCAT GTCCGTGGGGTTTGAAT-

3’) and PR16 (5’-ATACTA AAGCTT AAACTCACCACGGTGGCTAG-3’) followed 

by insertion into pCoBlast using XbaI and HindIII. 

   For pCaSpeR4-gVha13, the primer pair PR30 (5’- GAC GAATTC 

GGTGATATCGATAGCTAG-3’) and PR31 (5’- TGG TCTAGA 

GCCAGTCGGTTCTCG-3’) was used for amplification of a fragment from w genomic 

DNA. After digestion with EcoRI and XbaI, it was inserted into the corresponding sites 

within the pCaSpeR4 polylinker. 

   For pUAST-Ogt-EGFP, an sxc/Ogt cDNA fragment was amplified from genomic DNA 

isolated from UAST-Ogt flies (2) using PR70 (5’-TATA GCGGCCGC 

CATGCATGTTGAACAAACACGAATAA-3’) and PR69 (5’-TATA GTCGAC 
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TACTGCTGAAATGTGGTCCGG-3’) followed by insertion into pUAST-MCS-EGFP 

(3) using NotI and SalI.  

   For pCaSpeR4-gEGFP-Oga, the predicted 5’ regulatory region and 5’ UTR of Oga was 

amplified from genomic w DNA with the primer pair PR76 (5’-TATA GAATTC 

GAAGATCACCTCGTCCTTCG-3’) and PR78 (5’-TATA GGTACC 

TTCTAGTAGGCCGGGGAATC-3’) and inserted into pCaSpeR4 using EcoRI and 

Acc65I. An Acc65I-NotI fragment with the EGFP coding region was inserted into the 

cloning intermediate. Finally, the Oga coding and 3’ flanking sequences were added after 

enzymatic amplification with the primer pair PR83 (5’-TATA GCGGCCGC 

CATGGCAGACGAAGCGGGCA-3’) and PR82 (5’-TATA ACTAGT 

GCAAATACAGAACGTTCTCAGC-3’) and digestion with NotI and BcuI. 

   For GAL4-mediated transgenic sxc(Ogt) RNA intereference we generated a 

VALIUM20 construct (4). Primers CLb38a (5’-ctagcagt 

CTGCACTAAGACTATGTTCAA tagttatattcaagcata TTGAACATAGTCTTAGTGCAG 

gcg-3’) and CLb38b (5’-aattcgc CTGCACTAAGACTATGTTCAA tatgcttgaatataacta 

TTGAACATAGTCTTAGTGCAG actg-3’) were annealed and ligated into VALIUM20 

digested with NheI and EcoRI. 

 

D.melanogaster genetics 

   The amorphic sxc(Ogt) alleles, sxc
2637

 (2), sxc
1
 and sxc

6
 (5) have been described before, 

as also P{UAST-Ogt)} (2). The sxc(Ogt) mutant alleles were balanced with CyO, Dfd-

YFP (6) allowing identification of mutant larvae. Beyond our UAST-sxc(Ogt)
RNAiCLb38

, we 

used P{KK102123}v110717 (7) for transgenic sxc(ogt) RNAi in some experiments.  

   PCR assays confirmed that the P{w{+mC}=GSV6}GS14252 line (8) carries a 

transposon insertion within in the first Oga exon downstream of the initiation codon. RL2 

immunoblotting revealed increased O-GlcNAc levels in embryos and larvae homozygous 

for this insertion (designated as Oga
P
). In addition, immunoblotting with anti- Oga failed 

to reveal Oga protein in extracts from Oga
P
 embryos (Fig. 3B). Nevertheless, Oga

P
 

homozygotes could be maintained as a stock. Lines carrying the transgenes gNup58-

EGFP, gVha13, UAST-Ogt-EGFP, UAST-sxc(Ogt)
RNAiCLb38

, and gEGFP-Oga were 

generated with the constructs described above. pattB-gNup58-EGFP was integrated into 

the landing site zh-35B (1). 

   For the production of mutant flies lacking endogenous Nup58 function we generated 

two small deficiencies Df(3R)PR29 and Nup58
Ex1

 (see also Figure S2). The former 

deficiency was generated by FLP-mediated recombination in flies transheterozygous for 

PBac{RB}CG6195
e01253

 and P{XP}CG16718
d03361

 (9). The latter deficiency was isolated 

as imprecise excision after mobilization of P{w[+mC]=EP}Vha13
EP3577

. PCR assays 

confirmed that this transposon insertion is within the intergenic region between Vha13 

and Nup58 696bp upstream of the Nup58 translational start site. The imprecise excision 

Nup58
Ex1

 carries a 1540bp deletion that removes the promoter region and a considerable 

fraction of the following transcribed region, and is thus a Nup58 null allele. As transgene 

complementation tests indicated that Nup58
Ex1

 also impairs Vha13 function (Fig. S2E) we 

recombined a gVha13 transgene onto the chromosome. 

   The following GAL4 driver and marker lines were used: P{w
+
, da-GAL4}G32 (10), 

P{w
+
, en2.4-GAL4}e16E (11), P{w

+
, matα4-GAL-VP16}V2H (12), P{w

+
, tubP-

GAL80TS}10 (13), P{w
+
, UAS-GFP}, P{w+, His2Av-mRFP1} (14).  
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   Strains for genetic alteration of insulin signaling carried P{w+, UAST-Dp110} (15), 

P{w+, UAST-dPTEN} (16), InR
E19

 (17) over TM6B, Tb, or chico
1
 or chico

2
 (18) over 

CyO, Dfd-EYFP. SNF1A
3
 (Bloomington Drosophila Stock Center, #233831) was used for 

the generation of larvae lacking AMPKα. 

 

Larval hatchrate assays 

   Adults (5-14 days old) were transferred to egg collection cages and fed with yeast paste 

on apple juice agar plates for at least three days usually at 25ºC unless stated otherwise. A 

first 1 hour egg collection was discarded in order to minimize the fraction of over-aged 

eggs in subsequent collections. Three additional collections of 30 minutes each were 

performed sequentially at 25ºC unless stated otherwise. For additional steps and details 

see main text. 

 

C. elegans genetics 

   C.elegans N2 was used as a wild type control strain. RB1169 carries the intragenic 

deletion oga-1(ok1207) (19) and RB653 the intragenic deletion ogt-1(ok430) which 

generates a truncated protein of 465 aa that lacks catalytic activity (20). Before brood size 

analyses, the intragenic deletions were backcrossed with the wild-type control strain at 

least five times. For genotyping, crude genomic DNA was prepared from adult worms 

and analyzed with multiplex PCRs. For identification of ok430, the primers PR62 (5`- 

GCCAAAGAATTGATTTCGGA-3`), PR63 (5`- TGCTCTTGCACCACAACCTA -3`) 

and PR66 (5`- CTTGCCAGCATACACAAGGA-3`) were used. Two fragments (3.3 and 

1.4 kb) were amplified from N2, and only one fragment (2.3 kb) from ok430. In the case 

of ok1207, the primers PR64 (5`- CAATGTCAATGGCTACG-3`), PR65 (5`- 

GTTGTTGAAGGTAAGCCCCA-3`) and PR67 (5`- CTCGCAATATTCCGTTGGAC-

3`) were used. Two fragments (3.4 kb and 954 bp) were amplified from N2, and only one 

fragment (2 kb) from ok1207. Apart from PCR genotyping, absence of ogt-1 and oga-1 

function in the backcrossed strains with ok430 and ok1207, respectively, was also 

confirmed by RL2 immunoblotting (Fig. 4A). For analysis of the temperature dependence 

of O-GlcNAc levels in the germline by immunolabeling, we used N2 and a strain 

expressing GFP (TH220: unc-119 (ed3) III; ddIs86[pie-1p::LifeAct::GFP;unc-119(6)]) 

(21).  

 

Brood size assays 

   Brood size assays were performed for comparison of the effects of temperatures below 

and above the optimum on development of wild-type (N2) and mutant C.elegans strains 

with the ogt-1 and oga-1 null mutations ok430 and ok1207. Temperature effects on 

embryogenesis, larval to adult development, as well as on spermatogenesis and oogenesis 

can be detected but not differentiated by this assay. To synchronize development, worm 

cultures were bleached to kill all stages except eggs and embryos. These were transferred 

to M9 medium (50 mM Na2HPO4, 20 mM KH2PO4, 85 mM NaCl, 1 mM MgSO4) and 

allowed to hatch overnight. Since M9 does not contain nutrients, hatched larvae became 

arrested at the L1 stage. The synchronized larvae were transferred on plates with OP50 

bacteria as a food source and were allowed to develop further at 20°C for additional 36 

hours. By that time worms had developed into mid L3 larvae with vulvas at the 2 cell 

stage, i.e. after the first division of P6.p and thus still before the onset of gametogenesis. 
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At this point, single larvae at the correct developmental stage were identified 

microscopically before transfer onto fresh plates pre-equilibrated to the different test 

temperatures, followed by incubation at the test temperature. Offspring was counted over 

time. To avoid overcrowding, adult worms were transferred every day to new plates with 

maximal care to avoid physical damage. 

 

D. rerio experiments 

   Embryos were obtained from 10 single pair matings of wild-type fish. Embryos at the 

one cells stage were separated into three aliquots in petri dishes with E3 medium (5 mM 

NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) and aged at 24, 28 and 32ºC for 

180, 165 and 150 minutes, respectively, until the 512 cell stage (22) as confirmed by 

stereomicroscopic inspection. Excess of E3 medium was discarded and embryos were 

homogenized on ice in SDS-PAGE sample buffer followed by heating (5 minutes at 

95ºC) and snap freezing in liquid nitrogen. The experiments were carried out in 

accordance with the European Communities Council Directive for animal use in science 

(86/609/EEC). 

 

Immunofluorescence 

   Drosophila embryos were collected on apple juice agar plates. Ageing at defined 

temperature was performed as described above. Embryos were dechorionated using 

bleach pre-equilibrated to the embryo incubation temperature. While undiluted bleach 

was used at 14ºC and lower temperatures, a 1:1 dilution in water was used at 25ºC and 

higher temperatures. For fixation, dechorionized embryos were incubated in a 1:1 

mixture of heptane and methanol at room temperature. After shaking for ~2 minutes, 

devitellinized embryos were allowed to settle and supernatant was removed followed by 

three brief methanol washes. Alternatively, for RL2 stainings, embryos were fixed in a 

1:1 mixture of heptane and 4% paraformaldehyde (PFA) in phosphate buffered saline 

(PBS, 137 mM NaCl, 2.7 mM KCl, 1.47 mM KH2PO4, 6.46 mM Na2HPO4, pH 7.4) pre-

equilibrated to the embryo incubation temperature before use. After 20 minutes of slow 

rotation in fixative, supernatant was removed at room temperature and embryos were 

devitellinized in methanol followed by three brief methanol washes. Embryos were 

rehydrated in PBS containing 0.1% TritonX-100 (PBTx) followed by a 1 hour blocking 

step in PBTx containing 10% fetal bovine serum (FBS). Primary antibodies were diluted 

in this blocking solution and applied overnight at 4ºC. After removal of primary antibody 

solution and three washes (20 minutes each in PBTx), secondary antibodies and lectins 

diluted in PBTx/10% FBS were added for 2 hours. Embryos were washed as after 

primary antibody. For DNA staining, embryos were incubated for 5 minutes in PBS 

containing 1 µg/ml Hoechst 33285. After three washes with PBS, embryos were mounted 

in 70% glycerol, 50 mM Tris-HCl pH 8.5, 10 mg/ml propyl gallate, 0.5 mg/ml 

phenylendiamine. To assure identical conditions during labelling and imaging, we 

processed mixtures of embryos that had been aged and fixed at either 25ºC or 11ºC. To 

distinguish the 25ºC and 11ºC embryos during microscopic analysis, the former were 

collected from a strain expressing His2Av-mRFP. Reciprocal experiments in which the 

latter embryos were collected from a His2Av-mRFP strain resulted in indistinguishable 

temperature effects on WGA signals. 
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   Wing discs and salivary glands were rapidly dissected from third instar wandering stage 

larvae in PBS pre-equilibrated to the larvae incubation temperature and immediately 

transferred into fixative (PBS containing 4% PFA and 0.5% Nonidet NP40). After 

fixation for 30 minutes, samples were processed as described above for embryos. 

   Before immunofluorescence with cultured cells, these were seeded on coverslips. 

Stably transformed S2R+ cells expressing Nup58-EGFP were generated with the plasmid 

described above using standard cell culture methods. Coverslips were removed from the 

medium and incubated for 10 minutes in 4% PFA/PBS. Thereafter cells were incubated 

for 3 minutes in PBS containing 0.5% TritonX-100. After two washes with PBS 

containing 0.1% Tween-20 (PBT) and blocking in PBT containing 1% FBS, primary 

antibodies diluted in blocking solution were added for 20 minutes. After four washes with 

PBT, secondary antibodies and lectins were added for 20 minutes in PBT/1% FBS. After 

four washes with PBT, DNA staining was performed during 5 minutes using 1 µg/ml 

Hoechst 33285 in PBS. After two PBS washes, coverslips were mounted in mounting 

media (see above). 

   For immunolabeling C. elegans, worms were first grown at 20ºC for 3 days on plates 

before shifting these for an additional 24 hours to 16, 20 or 24ºC. Worms were collected 

by rinsing plates with PBS pre-equilibrated to the final incubation temperature and 

transferred to a 1.5 ml Eppendorf-tube. Before fixation, N2 worms collected after 

incubation at 16ºC were mixed with LifeAct::GFP worms collected after incubation at 

20ºC. This mixture was prepared to assure equal treatment during subsequent fixation, 

staining and imaging. Moreover, to exclude effects of the genetic backgrounds, we also 

prepared the reciprocal mixture of N2 worms collected after incubation at 20ºC and 

LifeAct::GFP worms collected after incubation at 16ºC. In addition, we also prepared two 

analogous mixtures of worms collected after incubation at 20 and 24ºC, respectively. The 

worms in these mixtures were briefly sedimented (1 min, 1000 xg). Supernatant was 

discarded followed by addition of 500 µl fixation buffer (160 mM KCl, 40 mM NaCl, 20 

mM Na2EGTA, 10 mM Spermidine HCl, 30 mM Na PIPES pH 7.4, 50% MeOH) and 

500 µl of PBS containing 2% formaldehyde. After three freeze/thaw cycles with liquid 

nitrogen and warm tap water, fixation was continued during 30 min at 4ºC with gentle 

shaking. After briefly sedimenting worms, fixative was discarded and samples were 

washed three times with Tris-Triton buffer (TTB) (100 mM Tris HCl pH 7.4, 1 mM 

EDTA, 0.5% Triton X-100). Worms were permeabilized by rocking for 6 hours at 37ºC 

in 1ml TTB containing 1% beta-mercaptoethanol. After removal of supernatant, worms 

were washed twice with borate buffer (BB) (0.2 M H3BO3, 0.1 M NaOH, 0.01% Triton 

X-100, pH>9.5) before incubation in BB containing 10 mM DTT for 15 min. This and all 

subsequent incubations were performed on a shaker at room temperature unless specified 

otherwise. After two washes with BB, samples were incubated in BB containing 0.3% 

H2O2, followed by two additional washes with BB. Samples were blocked in 1 ml PBS 

containing 3% BSA and 0.05% Triton X-100. RL2 was diluted in blocking buffer and 

added for incubation at 4ºC overnight on a shaker. After removal of antibody solution, 

worms were rinsed once with PBS containing 0.05% Triton X-100 followed by three 

additional washes with this wash buffer for 15 min each. Secondary antibody was diluted 

in blocking buffer and applied for two hours. DNA staining was performed for 5 min in 1 

ml wash buffer containing Hoechst 33285 at a final concentration of 1 µg/ml. After two 
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additional washes in wash buffer, worms were suspended in mounting media, spotted 

onto a glass slide and covered with a coverslip.  

   Mouse monoclonal antibody (mAb) RL2 (Abcam) was used at 1:400, mAb ADL67.10 

against lamin Dm0 (Developmental Studies Hybridoma Bank) at 1:20. The following 

secondary antibodies were used at 1:500: goat anti mouse Alexa488 (Invitrogen), goat 

anti mouse Alexa568 (Invitrogen), goat anti mouse Cy5 (Jackson Immuno Research), 

goat anti rabbit Alexa488 (Invitrogen); goat anti rabbit Cy5 (Jackson Immuno Research). 

Wheat germ agglutinin (WGA) coupled to FITC or TRITC (Sigma-Aldrich) was used at 

1:750 and 1:300, respectively. 

   Microscopy was performed on either a confocal (Fluoview1000 Olympus) or on a 

wide-field microscope (Zeiss CellObserver HS). For quantification of fluorescent signal 

intensities in D. melanogaster samples, the latter microscope was used with a 63x/1.4 oil 

immersion objective for acquisition of z stacks (0.25 µm spacing) or with a 40x/1.3 oil 

immersion objective for acquisition ofz stack (spacing 0.29 µm) of C. elegans gonad 

regions as illustrated in Fig. 2B. Image stacks were analyzed using ImageJ. Average 

projections were generated and pixel intensities were extracted. The number of focal 

planes per z stack was kept constant in a given experiment (4 sections in case of cultured 

cells, embryos and salivary glands, 10 sections in case of wing discs, 6sections in case of 

C. elegans gonads). The RL2 signal quantification data shown in Fig. 2B was obtained 

with the two mixtures in which the worms incubated at 20ºC were marked by 

LifeAct::GFP and those incubated at 16 and 24ºC, respectively, were marked by the 

absence of LifeAct::GFP. Analysis of the reciprocal mixtures resulted in comparable 

results. 

 

Western blotting 

   Wash steps before preparation of total extracts of C. elegans adults, D. rerio embryos 

and D. melanogaster S2R+ cells, embryos, larvae and wing discs were performed with 

solutions pre-equilibrated to the sample incubation temperature. However, final 

homogenization in SDS-PAGE sample buffer was done on ice followed by heating (4 

minutes at 95ºC) and snap freezing in liquid nitrogen. Genotype of D. melanogaster 

embryos was w (Figures 1B, lanes 4, 7, 10;  3B, lanes 1-6; 4C, lanes 1-4; S2A, lanes 1-9 

and S2B, lane 1;S4A, all lanes; S4B, lanes 1-8; S4C and S4D, all lanes), gNup58-EGFP 

(Figures 1B, lanes 1-3, 5, 8, 11;and S2B, lane 2), gNup58;Nup58
Ex1

 (Figures 1B, lanes 6, 

9, 12; and S2B, lane 3), gEGFP-Oga; Oga
P
 (Figure 3B, lane 9), Oga

P
 (Figure 3B, lane 7), 

gEGFP-Oga (Figure 3B, lane 8) or as indicated. In case of D. melanogaster larval 

extracts, homogenization was performed in extract buffer (120 mM NaCl, 50 mM Tris-

HCl pH 6.8, 1 mM EDTA, 6 mM EGTA, 1% Nonidet NP40, 1:20 Protease Inhibitor 

Cocktail (Sigma Aldrich), 1:100 PEFA Block 200 mM and 4 mM Benzamidine). After 

homogenization of five third instar wandering stage larvae in 50 µl buffer, 50 µl 3X SDS-

PAGE sample buffer were added. Genotypes of the D. melanogaster larvae were w 

(Figures S4B, lane AMPK
+
; S6A, all lanes) or as indicated. Dissected wing discs were 

transferred into PBS and kept on ice. After dissection of 30 – 40 discs, these were briefly 

sedimented at 4ºC, homogenized with a pipette tip after supernatant removal, before 

addition of 30 µl SDS-PAGE sample buffer. Genotypes of the larvae from were wing 

discs were dissected were as indicated.  
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   For the preparation of C. elegans extracts, development of worms was synchronized by 

bleaching adults to kill all stages except for embryos. These were transferred to M9 

medium and allowed to develop overnight into arrested L1 larvae. Larvae were 

transferred on plates with OP50 bacteria as a food source and grown at 20ºC for 65 hours. 

Three to five plates were shifted for 24 hours to either 10, 16, 20, 24, or 28ºC. M9 

medium pre-equilibrated to the incubation temperature was used for collection of the 

material from plates into an Eppendorf tube. After centrifugation (1000 rpm, 1 minute) at 

the incubation temperature, supernatant was removed. Worms were homogenized in 100 

µl 3x Laemmli by pipetting up and down. Extracts were heated (95ºC, 5 minutes) before 

separation of insoluble debris by centrifugation and snap freezing in liquid nitrogen. 

Extracts of embryos were isolated from five plates with worms aged and temperature 

shifted as described above. Worms were bleached at the incubation temperature with pre-

equilibrated solutions. The released embryos were collected by centrifugation and 

washed once with pre-equilibrated M9 media before homogenization in 50 µl 3x 

Laemmli. For immunoblot analysis, we loaded 20 µg protein per lane. 

   Cultured cells were rinsed twice in PBS, before scraping and homogenization in SDS-

PAGE sample buffer. Pierce 660 nm Protein Assay (Thermo Scientific) was used for 

determination of protein concentration. Lanes were amount of loading is specified as “1” 

contained 10 D. melanogaster embryo equivalents (Figures 1B, 3B, 3C, 4C, S2A, S4A-D, 

S5A-C), 10 D. melanogaster larvae equivalents (Figure S3B), 20 C. elegans worm 

equivalents (Figure4A), 8 µg of D. melanogaster wing disc protein (Figure S9E), 20 µg 

of D. melanogaster larval protein (Figure S4B, S6A, S9F,G), 15 µg of D. melanogaster 

larval protein (Figure S3A), 20 µg of C. elegans protein (Figure 2B), 20 µg of D. 

melanogaster S2R+ cell protein (Figures S7D, S7E, S7G),10 µg of zebrafish embryo 

protein (Figure S8B), or 7 µg HeLa protein (Figure S8E).  Samples were resolved by 

standard SDS-PAGE and transferred to Hybond ECL membranes (GE Healthcare) by 

tank blotting. Membranes were stained with Ponceau S solution (Sigma-Aldrich) before 

blocking and antibody incubations in PBS containing 5% dry milk. In case of RL2 

immunoblotting, blocking and antibody incubations were performed in PBS containing 

5% dry milk and 0.1% Tween-20. For confirmation of O-GlcNAc specificity of mAb 

RL2, 0.5M GlcNAc (specific competitor) or 0.5M xylose (control) were included during 

incubation with the primary antibody. mAb RL2 (Abcam) was used at 1:2000; mAb anti 

PSTAIR (Sigma Aldrich P7962) at 1:1000, mAb DM1A against α-Tubulin (Sigma-

Aldrich) 1:50000, mAb B-5-1-2 against α-Tubulin (Sigma Aldrich) at 1:4000, rabbit anti-

α-Tubulin (Abcam, ab18251) at 1:1000, mouse anti GFP (Roche) at 1:500, rabbit anti 

EGFP (3) at 1:3000, chicken anti GFP (Abcam, ab13970) at 1:1000, rabbit anti Ogt 

(Santa Cruz Biotechnology Inc., H-300) at 1:2500,rabbit anti MGEA5/Oga (ProteinTech, 

14711-1-AP) at 1:200 according to manufacturer`s protocol, mAb P4D1 against ubiquitin 

(Santa Cruz Biotechnology Inc., sc-8017) at 1:500, a mixture of mAbs 4G10 and PY20 

against phosphotyrosine (Upstate) at 1:1000, mAb MPM-2 (Merck Millipore) at 1:2000, 

rabbit anti-AMPKα (23) at 1:1000, rabbit mAb anti-phosphoS172-AMPKα (Cell 

Signalling) at 1:1000, rabbit anti-phospho-Jnk at 1:1000 (Cell Signalling), rabbit anti-Jnk 

at 1:1000 (Santa Cruz Biotechnology Inc., sc-571), Peroxidase (POD) coupled goat 

antibodies (Jackson Immuno Research) against mouse or rabbit IgG were used at 1:1000, 

Horseradish Peroxidase (HRP) coupled to goat anti chicken IgY was used at 1:1000 

(Abcam, ab6877). To confirm the specificity of anti-Jnk and anti-phospho-JNK, we also 
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prepared extracts from S2R+ cells after treatment with the Jnk activator bacterial 

lipopolysaccharide (LPS, Sigma, L2880) at 50 µg/ml (final concentration) for 30minutes 

or with bsk dsRNA, generated by standard procedure with primer pair STL1 (5`-

TAATACGACTCACTATAGGGATTTAATGCATTTCAGCGCC-3)`and STL2 (5`-

TAATACGACTCACTATAGGGTTTTAGAGTGCAGTCGGCCT-3`), at 10µg/ml for 5 

days. The bsk gene encodes the D. melanogaster Jnk homolog.  

   For analysis of the effect of experimental reduction of Ogt levels on Oga levels, we 

performed transgenic sxc(Ogt) RNAi in a background with the gEGFP-Oga transgene 

which is under control of the Oga cis-regulatory region. For identification of larvae with 

the correct genotype (w; P{w
+
, gEGFP-Oga} II.1/+; P{KK102123}v110717/ P{w

+
, da-

GAL4}G32), we performed PCR assays on single larvae. Single third instar wandering 

stage larvae were collected in Eppendorf tubes. 12 µl larval extract buffer (120 mM 

NaCl, 50 mM Tris-HCl pH 6.8, 1 mM EDTA, 6 mM EGTA, 1% Nonidet NP40, 1:20 

Protease Inhibitor Cocktail (Sigma Aldrich), 1:100 PEFA Block 200 mM and 4 mM 

Benzamidin) were added followed by homogenization. 2 µl extract were transferred into 

a new tube containing 2 µl dH20 for the PCR assay. The remaining 10 µl of extract were 

mixed with 10 µl 3x Laemmli buffer followed by boiling at 95ºC for 5 minutes and snap 

freezing in liquid nitrogen. For the PCR assay, samples were boiled for 5 minutes. After 

chilling on ice, Proteinase K (Fermentas) was added to a final concentration of 0.2 µg/µl, 

followed by 30 minutes of incubation at 37ºC, heat inactivation (5 minutes, 95ºC) and 

chilling on ice. While all larval progeny carried P{KK102123}v110717, the presence of 

P{w
+
, gEGFP-Oga} II.1 and P{w

+
, da-GAL4}G32 had to be evaluated with the help of an 

EGFP-specific and a GAL4-specific primer pair.  

   PBS containing 0.1% Tween-20 and 0.1% gelatine was used for blocking (1 hour) and 

probing (2 hours) with POD-WGA (Vector Labs) diluted 1:100000. After three washes 

with blocking solution (10 minutes each), membranes were washed once with PBS 

containing 0.1% Tween-20 (10 minutes) before chemiluminescent detection. All steps 

were performed at room temperature. 

   For probing with Concanavalin A (ConA) and Jacalin (Jac), blocking and incubation 

was done with 50 mM Tris-HCl pH 7.4, 0.15 M NaCl, 1 mM CaCl2, 1 mM MgCl2, 

0.05% Nonidet NP40, 0.25% BSA. All steps were performed in glass dishes. After 1 hour 

of blocking, biotinylated ConA or Jac (Vector Labs) were added at 1:3000 and 1:2000, 

respectively, followed by overnight incubation at 4ºC. After returning to room 

temperature and three washes with blocking solution (10 minutes each), Extravidin-POD 

(Sigma Aldrich) was added at 1:30000 for 30 minutes. Finally, chemiluminescent 

detection was performed after three washes with blocking solution (10 minutes each). For 

specificity controls, replicate membranes were probed with a combination of biotinylated 

lectin and competing sugar (0.5 M α-methylmannopyranoside for ConA and 0.8 M 

galactose for Jac), or with Extravidin-POD only. 

   For relative comparisons of Western blot signals, we routinely resolved a dilution series 

of a reference extract along with test samples on the same gel. Signals observed with the 

dilution series were used as internal standard curve. For quantification of signal 

intensities, size (A1) and integrated pixel intensities (I1) of a region with a band of 

interest were quantified using ImageJ after digital image acquisition. For background 

subtraction, a larger area including not only the band of interest but also some of the 

neighbouring background region was measured as well (A2 and I2). The intensity 
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difference I2-I1 divided by the background area (A2-A1) resulted in the average 

background pixel intensity (BPI) that was used for the calculation of the background-

corrected signal intensity as I1-BPI*A1. In cases where the correlation between sample 

amount within the dilution series and associated signal intensity and was not linear, the 

line defined by the two points of the dilution series bracketing the intensity of the test 

sample was used for comparison of signal intensities. Statistical analyses and plotting 

were performed using Excel (Microsoft) and OriginPro8.6 (OriginLab). 

 

Immunoprecipitation 

   Extracts for immunoprecipitation were prepared with 60 – 80 third instar wandering 

stage larvae of the following genotypes: (1) w; sxc
6
 cn bw/ sxc

1
 bw sp; P{w

+
, da-

GAL4}G32/ P{w
+
, UAST-Ogt -EGFP} III.1; (2) w; P[w

+
; UAS-EGFP-Stop-bubR1] 

II.1/+; P{w
+
, da-GAL4}G32/+ and (3) w. Larvae were grown initially at 25ºC and during 

the final 24 hours at different temperatures (14, 25, 30ºC). Subsequently, all steps were 

performed at 4ºC. Larvae were homogenized in 1 ml larval extraction buffer (LEB) (150 

mM NaCl, 50 mM NaH2PO4, 1 mM EDTA, pH7.4, with freshly added inhibitors: 1:100 

phosphatase inhibitor cocktail III (Sigma), 1:100 phosphatase inhibitor cocktail II 

(Sigma), 1:20 protease inhibitor cocktail (Sigma), O-GlcNAcase inhibitor PUGNAc 

(Sigma) 0.1 mM (final concentration). The homogenate was transferred into an 

Eppendorf tube. Insoluble material was sedimented by two repeated centrifugations 

(16000 xg, 15 min). Supernatant aliquots for analysis of inputs were prepared by addition 

of 3X Laemmli buffer followed by heating (95ºC, 5 minutes). For each 

immunoprecipitation sample, 25 μl GFP-Trap
 
beads (Chromotek) were washed twice 

with 500 μl LEB without inhibitors for equilibration. Larval extracts were added to the 

beads followed by incubation on a rotating wheel (90 minutes). Beads were sedimented 

(2700 xg, 2 minutes) and washed twice with 500 μl of LEB without inhibitors. 

Immunoprecipitated material was eluted in 40 μl 3x Laemmli buffer by boiling for 5 

minutes. For storage, samples were snap frozen in liquid nitrogen. Inputs and 

immunoprecipitated material were analyzed by immunoblotting. 

 

Expression profiling.  

   S2R+ cells were plated and incubated for 24 hours at 25ºC before transfer to either 11, 

14, 25 or 30ºC for an additional 24 hours. RNA was extracted and used for probe 

generation and hybridization to microarrays (Agilent). Three independent replicates were 

analyzed and average hybridization signals after quantile normalization were determined. 

Hybridization signals at 14ºC, where expression levels of small hsp and hsp70 genes 

were observed to be minimal, were set to 1 and relative fold change of signal intensities 

at the other temperatures were calculated. In case of transcripts detected by more than 

one probe (Act5C, βTub56D), data from the different probes was averaged. Experiment 

and results will be described in details elsewhere. For Fig. S7F, data for Act5C, βTub56D 

and RpL32 was extracted because these genes are ubiquitously transcribed genes. 

Moreover, Hsc70-3, Hsc70-4, and Hsc70-5 are representative heat shock cognate genes 

which are marginally induced by heat shocks in contrast to Hsp23, Hsp26 and Hsp70Bb 

which belong to the strongly heat-induced genes (24). 
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UDP-HexNAc measurements 

   Three collection cages were set up at 25ºC, each with 150 – 200 w flies that were 5 – 10 

days old. To minimize the fraction of overaged eggs, a first egg collection (1 hour) was 

discarded. Thereafter, three successive egg collections (1 hour each) were performed. 

After collection the plates obtained from the first round were immediately shifted to 14ºC 

and aged for 5 hours at this reduced temperature. The plates from the second round were 

aged at 25ºC for 1 hour and 15 minutes. Those from the third round were shifted to 29ºC 

and aged for 57 minutes at this elevated temperature. These ageing periods were selected 

so that all embryos were eventually at the same developmental stages despite incubation 

at different temperatures. The final developmental stages reached after these ageing 

periods correspond to those observed between 1 – 2 hour 15 minutes after egg deposition 

and development at 25ºC where cellularization is not yet completed and large scale 

zygotic gene transcription not yet active. Further processing was started 8 minutes before 

the end of the aging period to take processing time into account. Embryos were 

dechorionated on the collection plate using bleach pre-equilibrated to the incubation 

temperature. While undiluted bleach was used at 14ºC, a 1:1 dilution in water was used at 

25ºC and 29ºC. Dechorionated embryos were collected in a sieve and washed extensively 

with water pre-equilibrated to the incubation temperature. Excess liquid was briefly 

blotted away with paper tissue and aliquots of 45-55 embryos were transferred into an 

Eppendorf tube and snap frozen in liquid nitrogen. Additional aliquots were homogenized 

in SDS-PAGE sample buffer or fixed with a 1:1 methanol heptane mixture for 

subsequent quality control analyses by RL2 immunoblotting and microscopic inspection 

after DNA labeling. These quality controls demonstrated that O-GlcNAc levels were 

correlated with ageing temperature as expected, as well as comparable minor fractions of 

unfertilized and overaged embryos. 

   UDP-HexNAc levels were measured as described (25). Briefly, embryos were lysed in 

ice-cold PBS and extracted with 70% EtOH. During this step 20 pmol guanosine 

diphosphate glucose was also added. This glycosylated nucleotide is not present in 

Drosophila embryos and served as an internal standard. For normalization an aliquot of 

each extract was taken and later analyzed for protein concentrations using Bradford 

reagent. The glycosylated nucleotides were then extracted using an ENVI-Carb column 

and analyzed by multiple reaction-monitoring liquid chromatography-tandem mass 

spectrometry as described (26). 
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Figure S1. Stage-dependent cold sensitivity during D. melanogaster embryogenesis. 

(A) w control embryos were collected at 25ºC for 30 minutes and shifted to 9ºC for 12 

hours. Temperature downshift was performed either immediately after the collection or 

after ageing aliquots at 25ºC for the times indicated on the x axis. After the 9ºC 

incubation, embryos were returned to 25ºC for 36 hours. The fraction of eggs from which 

larvae had hatched was determined. The early syncytial stages of embryogenesis (0-2 

hours) were found to be most cold-sensitive. After cellularization (2-3 hours) cold-

sensitivity remained constant at a comparatively low level. 

(B) For an evaluation of cold sensitivity during the syncytial stages, w control embryos 

were collected at 25ºC for 1 hour before down shift to the indicated temperatures for 12 

hours. After the low temperature incubation, embryos were returned to 25ºC for 30 hours 

and larval hatch rates were determined. 
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Figure S2. O-GlcNAc modification of D. melanogaster Nup58 

(A) Total extracts of early embryos aged at the indicated temperatures were probed with 

Wheat Germ Agglutinin (WGA) (top) and anti-PSTAIR (bottom) as control for loading. 

The dilution series in the three right most lanes was used for quantitative comparisons. 

The intensity of the major WGA-reactive band correlates with temperature.  

(B) Comparison of embryos expressing only wild-type Nup58 (Nup58), or only Nup58-

EGFP (Nup58-E), or both after probing with WGA demonstrates that the major band 

corresponds to Nup58.  

(C) Low temperature does not affect the localization of Nup58-EGFP. Eggs were 

collected for 1 hour from gNup58-EGFP flies with and without a His2Av-mRFP 

transgene. While the His2Av-mRFP expressing embryos were aged at 25ºC, those lacking 

this marker were shifted to 11ºC. At the stage of cellularization, embryos were fixed. 

Labelling with anti-Lamin Dm0 and a DNA stain, as well as quantitative imaging was 

performed after combining the two collections into a pool. Scale bar = 10 µm. Peak 

signal intensities at the nuclear envelope were quantified. Average intensities (+/- SD) are 

shown. N > 36 nuclei from at least 9 embryos. Signal intensities at the optimal 

temperature (25ºC) were set to 1. 

(D) D. melanogaster Nup58 genetics. Schematic illustration of the chromosomal region 

(top line) with Nup58 gene and flanking regions including the genes CG16718, Vha13 

and CG6195. Transcription start sites and direction of transcription are indicated 

(arrows), as well as UTRs (white boxes), coding regions (black boxes) and transposon 

insertions (triangles). Regions deleted in the deficiencies Df(3R)PR29 and Nup58
Ex1

 are 

indicated by the lower boxes (without filling) as well as regions present in the transgenes 

gVha13 and gNup58-EGFP (grey filling). Df(3R)PR29 was generated by FLP-mediated 

recombination between transposons P{XP}[d03361] and PBac{RB}[e01253] (27). 

Nup58
Ex1

 was isolated as imprecise excision after mobilization of transposon 

P{EP}[EP3577].  

(E) Table summarizing genetic analyses. These analyses indicated that Nup58
Ex1

 impairs 

the essential Vha13 gene apart from eliminating Nup58. However, the gVha13 transgene 

allowed Nup58
Ex1

/Df(3R)PR29 animals to develop beyond the larval stages into subviable 

sterile adults. Fertile adults were obtained when both the gVha13 and the gNup58-EGFP 

transgene were present in Nup58
Ex1

/Df(3R)PR29 animals. These findings indicate that 

Nup58-EGFP is functional. 
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Figure S3. Increased O-GlcNAc on D. melanogaster Ogt at high temperature.  

(A) Input extracts of wandering third instar larvae used for immunoprecipitation (see B) 

were analyzed by immunoblotting. Apart from w
1
 control larvae (w

1
), da-GAL4 larvae 

ubiquitously expressing either UAS-Ogt-EGFP (Ogt-EGFP) in an sxc(Ogt) mutant 

background or UAS-EGFP (EGFP) were used for extract preparation. Before extract 

preparation, larvae were aged at the indicated temperatures. Immunoblotting was 

performed with RL2 (top), anti-Ogt (middle) and a mixture of anti-GFP and anti-α-

Tubulin (bottom). The dilution series loaded in the three left most lanes was used for 

quantitative comparisons. While O-GlcNAc levels are strongly temperature dependent, 

the amount of Ogt-EGFP and endogenous Ogt was observed to be constant. 

(B) Proteins immunoprecipitated by anti-EGFP from the indicated extracts (see A) were 

analysed by immunoblotting with RL2 (top), anti-Ogt (middle) and anti-GFP (bottom). 

Ogt-EGFP was immunoprecipitated specifically and in comparable amounts from the 

extracts derived from the larvae aged at either 14, 25 or 30ºC. However, RL2 signals on 

Ogt-EGFP immunoprecipitated from the 30ºC extract were far stronger. The 

immunoprecipitated EGFP was not recognized by RL2 (not shown).  

(C) Quantification of RL2 signals on immunoprecipitated Ogt-EGFP (see B). Signal 

intensities at the optimal temperature (25ºC) were set to 1. (+/- SD, N = 3). 
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Figure S4. Global levels of ubiquitinylation, phosphorylation and glycosylation in 

the secretory pathway, as well as energy status are not correlated with ambient 

temperature. 

(A) D. melanogaster embryos were collected at 25ºC for 60 minutes and aged in aliquots 

after a shift to either 11, 14, 18, 25, or 29ºC for 280, 240, 150, 60, or 46 minutes, 

respectively, resulting in embryos at developmental stage 2-4 in each aliquot. 

Immunoblots of total embryo extracts were probed with anti-ubiquitin (mAb P4D1), anti-

phospho-tyrosine (mAbs 4G10 and PY20), or with an antibody recognizing some 

proteins phosphorylated on serine and threonine (mAb MPM2). Immunoblots were re-

probed with mAb RL2 to detect O-GlcNAcylation and anti-PSTAIR to control loading. 

Relative amounts of extract loaded are indicated on top. The dilution series in the three 

left most lanes demonstrates that the loaded amounts are below levels resulting in 

saturated immunoblot signals. The positions of molecular weight markers are indicated 

on the right side. Quantification of signal intensities in all bands is displayed below the 

immunoblots. Results from two independent experiments are shown (grey circles and 

black squares, respectively).  

(B) Total extracts were prepared with embryos collected and aged as described above. In 

addition, extracts from first instar larvae with AMPKα+
 and AMPKα null mutant 

genotype (SNF1A
3
) were analyzed as well. Immunoblots were probed with anti-AMPKα 

and anti-phospho-AMPKα (p-AMPKα) which reports energy status (ATP/AMP ratio) 

(28). mAb RL2 was used to detect O-GlcNAcylation. Re-probing with anti-PSTAIR or 

Ponceau S (PoncS) staining was used to control loading. A representative major band is 

displayed in the PoncS panel. The dilution series in the three left most lanes demonstrates 

that the loaded amounts are below levels resulting in saturated immunoblot signals. 

Quantification of the phospho-AMPKα/AMPKα ratio revealed no correlation with 

temperature (N=3, +/-SD). 

(C,D) The lectins concanavalin A (ConA) (C) and jacalin (Jac) (D) were used for an 

analysis of temperature effects on secretory pathway glycosylation in early Drosophila 

embryos. Con A detects N-glycans with α-D-mannosyl and α-D-glucosyl residues while 

Jac reacts with O-glycans with Galβ1-3GalNAc residues. Eggs were collected at the 

indicated temperatures (18, 25, or 28ºC) from fly lines that had been kept for several 

generations at these temperatures. After ageing embryos to stage 4-5 at these 

temperatures, extracts were probed by western blotting with biotinylated lectins. For 

control of detection specificity, replicate filters were probed in the presence of specific 

competitors, 0.5 M α-methylmannopyranoside (+MMP) or 0.8 M galactose (+Gal), or 

only with the secondary reagent POD-Extravidin (2nd). A specific Jac-reactive band is 

indicated (arrow). Ponceau S staining was used to control loading. Quantification of 

signal intensities (N = 3, +/- SD) are shown below a representative lectin blot. In case of 

Jac, the specific band indicated by the arrow in panel (C) was quantified (N = 3, +/- SD). 
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Figure S5. Temporal dynamics of O-GlcNAc control by ambient temperature. 

(A) D. melanogaster embryos were collected at 25ºC for 60 minutes and aged after a shift 

to either 11, 14, 18, 25, or 29ºC for 280, 240, 150, 60, or 46 minutes, respectively, 

resulting in embryos at developmental stage 2-4 in each aliquot. Immunoblots of total 

embryo extracts were probed with RL2. O-GlcNAc levels respond to temperature.  

(B) RL2 immunoblotting with total extracts of early embryos from flies cultured at the 

indicated temperatures for several generations. Temperature-induced O-GlcNAc changes 

are not reverted during long term incubation.  

(C,D) RL2 immunoblotting with total extracts of embryos collected at 25ºC and either 

shifted down to 11ºC (C) or up to 30ºC (D) for the indicated times. Temperature-induced 

O-GlcNAc changes occur rapidly. 
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Figure S6. Control of O-GlcNAc levels by temperature during the larval stage. 

(A) RL2 immunoblotting with total extracts from third instar larvae aged for 24 hours at 

the indicated temperatures. Loading was controlled by anti-α-Tubulin (α-Tub).  

(B,C) Analysis of larval salivary glands. After development at 25ºC, larvae without a 

His2Av-mRFP transgene were transferred to either 11ºC (Exp A) or 29ºC (Exp B) for 24 

hours, while larvae with the marker transgene were maintained at 25ºC. Salivary glands 

from third instar wandering stage larvae were dissected. In experiments A and B, salivary 

glands with and without the marker transgene were pooled before fixation and labelling 

with WGA and a DNA stain. Representative nuclei from equivalent regions of the 

salivary glands are shown. Scale bar = 10 µm. Signal intensities along lines as illustrated 

in the top row were extracted and peak intensities at the nuclear envelope were 

quantified. (C) Bar diagram of average intensities (+/- SD) of peak WGA signals at the 

nuclear envelope of salivary gland nuclei (see panel B). N > 32 nuclei from at least 24 

different salivary glands. Left pair of bars is from comparison of 11ºC and 25ºC (Exp A, 

p ≤0.001; t-test), right pair from the comparison of 25ºC and 29ºC (Exp B, p≤0.01; t-test). 

Intensities observed at 25ºC were set to 1 arbitrary unit (a.u.).  

(D,E) Analysis of wing imaginal discs. Discs were dissected at third instar wandering 

stage from larvae without His2Av-mRFP after development at 25ºC as well as from 

larvae with this marker transgene after development at 18ºC. Discs were pooled for 

fixation, labelling with RL2 and DNA staining. Quantitative imaging was performed after 

mounting the discs together on the same slide. White squares in the left row indicate the 

regions of the wing pouch shown at high magnification in the rows on the right. Scale bar 

= 20 µm. (E) Bar diagram of average RL2 signal intensities (+/- SD) in pouch regions 

(see panel D) at the indicated temperatures. N = 9. p < 0.001, t-test). 
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Figure S7. Control of O-GlcNAc levels by temperature in cultured S2R+ cells. 

(A) Scheme of experimental analyses with S2R+ cells.  

(B) Representative images of S2R+ cell nuclei after incubation at the indicated 

temperatures (see A). Signal intensities along lines as illustrated in the top row were 

extracted and peak intensities at the nuclear envelope were quantified. Scale bar = 5 µm. 

(C) Bar diagram of average intensities (+/- SD, N > 40 nuclei) of peak WGA signals at 

the nuclear envelope (see B) at the indicated temperatures. Differences between different 

temperatures were found to be statistically significant (p ≤ 0.01;t-test).  

(D) S2R+ cells stably transformed with pCoBlast-gNup58-EGFP as indicated were 

incubated as described in panel (A) before extract preparation and immunoblotting with 

the indicated antibodies. O-GlcNAc levels were found to respond to temperature. 

(E) 24 hours after plating, S2R+ cells were shifted from 25ºC to the indicated 

temperatures for an additional 24 hours before total extract preparation and 

immunoblotting with RL2 and anti-PSTAIR to control for loading. A dilution series 

loaded in the three left most lanes was used for quantitative comparisons. O-GlcNAc 

level correlate with temperature (+/- SD, N = 3). 

(F) S2R+ cells were treated as described above (E) before RNA extraction and 

expression profiling. Average signals (N = 3) observed with probes for representative 

heat shock protein (hsp) genes, for heat shock cognate (hsc) genes and for the house 

keeping genes Act5C, βTub56D and RpL32 obtained at different temperatures are plotted. 

Signals obtained at 14ºC where hsp signals were minimal were set to 1. 

(G) Jnk activation in S2R+ cells does not correlate with temperature. Cells were treated 

as described above (E) before total extract preparation and immunoblotting with anti-Jnk, 

anti-phospho-Jnk and anti-PSTAIR to control for loading. Specificity of the antibodies 

against Jnk and phospho-Jnk was confirmed by LPS treatment and RNAi against the 

Drosophila Jnk homolog that is encoded by basket (bsk). The activated form of Jnk 

specifically detected by anti-phospho-Jnk was observed to be very low except after LPS 

stimulation. Minimal signals were reproducible observed at 25 ºC. One of three 

comparable experiments is displayed. 
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Figure S8. Control of O-GlcNAc levels by temperature in Zebrafish and HeLa cells. 

(A) Scheme of experimental analyses with zebrafish (D. rerio). This species is more 

stenotherm than D. melanogaster and C. elegans. Therefore the temperature range 

compatible with successful development that was analyzed is relatively narrow. Early 

embryos were collected at 28ºC, divided into aliquots and aged to the 512-cell stage at 

either 24, 28, or 32ºC before extract preparation and immunoblotting with RL2.  

(B) RL2 immunoblotting with total extracts from zebrafish embryos aged at the indicated 

temperatures. To confirm specific O-GlcNAc detection by RL2, replicates were probed in 

presence of 0.5M GlcNAc and 0.5M Xylose. Loading was controlled by Ponceau S 

(PoncS). The region with the major yolk proteins is displayed.  

(C) The natural logarithm of signal intensity integrated over all bands recognized by RL2 

plotted against the reciprocal of temperature (Kelvin) followed by linear regression. The 

regression line observed with Drosophila larvae (blue; see Fig. 2A) is shown as a 

reference.  

(D) Scheme of experimental analyses with HeLa cells.  

(E) RL2 immunoblotting with total extracts from HeLa cells aged at the indicated 

temperatures. To confirm specific O-GlcNAc detection by RL2, replicates were probed in 

presence of 0.5M GlcNAc and 0.5M Xylose. Loading was controlled by Ponceau S 

(PoncS).  

(F) The natural logarithm of signal intensity integrated over all bands recognized by RL2 

plotted against the reciprocal of temperature (Kelvin) followed by linear regression. The 

regression line observed with Drosophila larvae (blue; see Fig. 2A) is shown as a 

reference.   
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Figure S9. Growth inhibition by mutations in the insulin signaling pathway has 

tissue-specific effects on O-GlcNAc levels 

(A,B) Slow growth and development after genetic inhibition of Insulin receptor (InR) 

signaling does not reduce O-GlcNAc levels in wing imaginal discs in contrast to low 

temperature. InR
E19

 mutant discs and InR
+
 discs marked by His2Av-mRFP were mixed 

and labelled with RL2 and a DNA stain. (A) Rectangles in left most panels indicate 

region of wing pouch shown at high magnification in adjacent panels. Scale bar = 20 µm. 

Bar diagram (B) of average immunofluorescent RL2 signal intensities (+/- SD, n ≥ 5) in 

discs as illustrated in (A). Left pair of bars is from a comparison of InR
E19

 and InR
+
 discs 

after development at 25º. Right pair of bars is from an independent comparison of InR
+
 

discs after development at 25ºC and 18ºC, respectively.  

(C) en-GAL4 in combination with tub-GAL80
ts
 was used to control expression of UAS 

transgenes encoding GFP, PTEN, PI3K(Dp110) or a shmiR for sxc(Ogt) knock down. To 

induce UAS transgene expression, larvae were shifted from 25ºC to 30ºC and aged at this 

elevated temperature for 72 hours before dissection of wing imaginal discs from third 

instar wandering stage larvae. Discs were immunolabeled with RL2. Wing pouch regions 

spanning the anterior-posterior compartment border are displayed. Overexpression of 

PTEN and PI3K in the posterior compartment marked by GFP did not affect RL2 signals. 

In contrast, sxc(Ogt) knock down reduced RL2 signals dramatically, demonstrating that 

the signals detected by RL2 represent O-GlcNAc. Scale bar = 20 µm.  

(D) After development to third instar wandering stage at 25ºC, wing imaginal discs from 

larvae with en-GAL4 and either UAS-PTEN (PTEN) or UAS-PI3K(Dp110) (PI3K) were 

immunolabeled with RL2. The bar diagram displays average RL2 signal intensities in the 

anterior (A) and posterior (P) compartment (+/- SD, n = 6). 

(E) Immunoblotting with extracts of wing imaginal discs from larvae with genotypes as 

indicated. chico
1
/chico

2
 mutant discs were included since these mutants also grow and 

develop at a reduced rate at 25ºC because of reduced InR signaling. Extracts from wing 

discs of Oga
P 

and sxc(Ogt) mutant larvae demonstrate specificity of O-GlcNAc detection 

by RL2. Similar results were obtained in a second independent experiment.  

(F) Genetic inhibition of InR signaling by mutations in InR or chico reduces total O-

GlcNAc in larvae. RL2 immunoblotting of total extracts of larvae with genotypes as 

indicated. Similar results were obtained in two additional independent experiments. In 

addition, probing with anti-Ogt revealed that Ogt protein level are not reduced in OgaP 

mutants (for quantification see H).  

(G) EGFP-Oga protein level are not reduced by Ogt knockdown. Total extracts of 

wandering third instar larvae of the indicated genotypes were analyzed by 

immunoblotting with RL2, anti-EGFP, anti-OGT and anti-α-Tubulin to control for 

loading. Absence of RL2 signals and specific anti-Ogt signals demonstrate successful Ogt 

knockdown. However, EGFP-Oga was not reduced thereby. Note that EGFP-Oga 

expression is driven by the Oga cis-regulatory region. 

(H) Quantification of the levels of Ogt and EGFP-Oga (E-Oga) detected in 

immunoblotting experiments as illustrated above (F and G) (N = 3). The level observed 

in control extracts (+ and –RNAi, respectively) was set to 1. In comparison, Ogt appeared 

to be slightly increased in Oga
P
 mutants. EGFP-Oga (E-Oga) was not affected by Ogt 

knockdown (+RNAi). 
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Figure S10. O-GlcNAc is crucial at elevated temperatures for successful progression 

through the early syncytial stage of Drosophila embryogenesis. 

(A) Embryos were collected for 30 minutes at 25ºC, followed by a transient shift to the 

indicated temperatures during the remainder of the early syncytial stages before they 

were returned to 25ºC to allow completion of embryogenesis. Eggs were scored whether 

a larva had successfully hatched. Bars indicate average larval hatch rates (+/- SD) of 

three independent collections with at least 150 embryos analysed in total. Larval hatch 

rates at high temperature (32ºC) were found to be decreased in embryos lacking maternal 

Ogt and hence O-GlcNAc.  

(B) Fixation of embryos during the syncytial stages followed by DNA staining confirmed 

the importance of sxc(Ogt) function for successful development at high temperature. 

Embryos were classified as either normal or affected by abnormalities of increasing 

severity (type I, II or III) based on the pattern of DNA staining as illustrated in the top 

row. Arrowheads indicate insufficient separation of daughter nuclei, the characteristic 

feature of type I embryos. Scale bar = 20 µm. 



Table S1. p values from t tests with Drosophila larval hatchrate data
All: N=3

Signifiance level
A B p‐Value * 0.05 ** 0.01 *** 0.001

Fig 4D
low temp (11°C) w1 OgaP 0.018800000 *

w1 sxcRes 0.017670000 *

w1 sxcRNAi 0.000400119 ***

OgaP sxcRes 0.400060000

OgaP sxcRNAi 0.008190000 **

sxcRes sxcRNAi 0.042250000 *

control temp (25°C) w1 OgaP 0.044360000 *

w1 sxcRes 0.517010000

w1 sxcRNAi 0.126250000

OgaP sxcRes 0.442840000

OgaP sxcRNAi 0.709240000

sxcRes sxcRNAi 0.645050000

high temp (34°C) w1 OgaP 0.201160000

w1 sxcRes 0.026640000 *

w1 sxcRNAi 0.026610000 *

OgaP sxcRes 0.001100000 **

OgaP sxcRNAi 0.000878194 ***

sxcRes sxcRNAi 0.838860000

Fig S10A
low temp (11°C) w1;;HisRFP/+ OgaP/OgaP HisRFP 0.748380000

w1 sxcRes HisRFP 0.033940000 *

OgaP/OgaP HisRFP sxcRes HisRFP 0.019460000 *

control temp (25°C) w1;;HisRFP/+ OgaP/OgaP HisRFP 0.61415

w1 sxcRes HisRFP 0.1474

OgaP/OgaP HisRFP sxcRes HisRFP 0.414450000

high temp (32°C) w1;;HisRFP/+ OgaP/OgaP HisRFP 0.712410000

w1 sxcRes HisRFP 0.000122639 ***

OgaP/OgaP HisRFP sxcRes HisRFP 0.000852377 ***


