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1. Introduction

Queuosine (Q), a complex modifi cation of guanosine, is 

found at the wobble (34th) position of the GUN anticodons 

in transfer RNA (tRNA)Tyr, His, Asn, Asp (Harada and Nishimura 

1972). Apart from the known exceptions of yeast, Thermus 

thermophilus, mycoplasma and mycobacteria, Q is found in 

organisms from all major divisions of life (Kasai et al 1975; 

Katze et al 1982; Reader et al 2004). The tRNAAsp from 

mitochondria (Randerath et al 1984) and chloroplast (Schon 

et al 1992) are also known to possess Q. The biosynthesis 

of Q in eubacteria involves a series of reactions (Reader 

et al 2004). The starting molecule GTP is transformed by 

an unknown mechanism to preQ
0,
 which is then converted 

to preQ
1
 by QueF (Van Lanen et al 2005; Gaur and 

Varshney 2005). preQ
1
 is  inserted into tRNA by tRNA 

guanine transglycosylase (Tgt) by replacing the wobble 

position guanine of the GUN anticodon (Okada et al 1979). 

Subsequently, preQ
1
 is converted to epoxy-Q(oQ) on the 

tRNAs by QueA, and the oQ is further modifi ed to Q by 

an as yet unknown activity (Frey et al 1988). In Archaea, 

the pathway diverges from preQ
0
 to form a related modifi ed 

nucleoside, archaeosine (Gregson et al 1993). Interestingly, 

eukaryotes are thought not to carry out de novo synthesis of 
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Q (Kirtland et al 1988). Instead, they obtain Q or queuine 

(the base of Q) from the diet or gut microfl ora (reviewed by 

Iwata-Reuyl 2003). 

Although eukaryotes are thought to lack the ability to 

synthesize Q de novo, the presence of Q in tRNAs has 

been strongly conserved in evolution. Eukaryotes possess 

at least two enzymes specifi c for Q metabolism, one which 

salvages queuine from Q (Kirtland et al 1988) or preQ 

(Gunduz and Katze 1984), and a second that glycosylates Q 

in tRNA (Okada and Nishimura 1977; Haumont et al 1987). 

Whereas eubacterial Tgt uses preQ
0
 or preQ

1
 as substrate, 

the eukaryotic TGT has evolved to insert not only preQ
0
 or 

preQ
1 
but also the salvaged queuine into tRNAs (reviewed in 

Stengl et al 2005). Such an elaborate system suggests that the 

insertion of Q into tRNA serves an important physiological 

purpose in eukaryotes. 

The Q modifi cation in tRNAs has been implicated in 

cell differentiation and survival of cells during stress. 

In E. coli, Q has been shown to play a role in viability 

during the stationary phase (Noguchi et al 1982). In 

the pathogen Shigella fl exneri, absence of Q drastically 

decreases translation of virF mRNA, and nearly abolishes 

bacterial virulence (Durand et al 2000). In Dictyostelium 

discoideum, Q infl uences aggregate formation (Kersten 

1984), apparently by regulating the synthesis of early cyclic 

adenosine monophosphate (cAMP)-regulated proteins and 

cAMP surface receptors (Schachner and Kersten 1984). In 

mammalian cells, queuine is reported to modulate tolerance 

to hypoxia (Reisser et al 1994), their proliferation (Langgut 

and Kersten 1990; Langgut et al 1993) and the expression 

of lactate dehydrogenase (Pathak and Vinayak 2005). In 

many tumours the incorporation of Q into tRNAs is reduced 

(Randerath et al 1984; Emmerich et al 1985; Baranowski 

et al 1994), and the extent of such a hypomodifi cation 

correlates with the stage of the malignancy (Emmerich 

et al 1985). Hypomodifi cation can also be induced by 

transfection of the cells with the ras oncogene (Morgan 

et al 1996). Interestingly, administration of queuine rescues 

hypomodifi cation and prevents tumour growth (Katze and 

Beck 1980). 

Despite these signifi cant observations in various 

organisms, and the evolutionary conservation of Q in 

eukaryotic tRNAs, there are only two reports describing 

the consequence of Q depletion in an animal system. Both 

Drosophila melanogaster and mice have been shown to lack 

the ability to synthesize Q de novo (Reyniers et al 1981; 

Siard et al 1991). Drosophila embryos raised on a diet 

lacking Q develop normally but show increased sensitivity 

to cadmium (Siard et al 1991). Mice kept for a year in 

germ-free conditions on a chemically defi ned diet lacking Q 

(Reyniers et al 1981) showed no visible defects. Plants may 

also lack the ability to synthesize Q. tRNA isolated from 

lupin and parsley cells cultured in suspension in medium 

lacking Q does not contain Q (Pawelkiewicz et al 1986). 

While these studies are informative, the necessity of raising 

individuals on chemically defi ned media under germ-free 

conditions makes the use of these systems for studying the 

biology of Q less than optimal. 

We report that the nematode worm, Caenorhabditis 

elegans is a convenient organism to study Q metabolism 

and function. The complete development of this organism 

has been described at single-cell resolution (Sulston et al 

1983) and the cultivation of worms in the laboratory is both 

fast and convenient. We show here that C. elegans worms 

grown under standard conditions contain Q in their tRNA.  

However, tRNA isolated from worms grown on a diet of 

bacteria lacking Q does not contain detectable levels of Q 

suggesting that C. elegans lacks the ability to synthesize Q 

de novo. 

 2. Materials and methods

2.1 Growth, culture and brood size counting of 

Caenorhabditis elegans

Overnight standing cultures of E. coli were grown at 37oC 

by inoculating isolated colonies into 100 ml 2YT medium 

(Sambrook et al 1989) and stored at 4oC for up to two weeks. 

Lawns of various E. coli strains were made by spreading 

0.1–0.2 ml of the culture on nematode growth medium 

(NGM) agar (Brenner 1974) plates (60 mm) and keeping 

them at room temperature for 2–3 days. C. elegans N2 

worms were grown at 20oC on the NGM plates containing 

the desired bacteria and maintained by consecutive transfers 

of the L4 progeny worms to fresh plates of the same strain 

of E. coli. For tRNA isolation, the worms were grown as 

follows. The bacterial cultures (0.6–0.7 ml) were spread on 

20 100 mm NGM agar plates, allowed to dry overnight at 

room temperature and then incubated at 37oC for 24 h. About 

10–12 L4 stage larvae from the third generation obtained by 

continuous culture on one type of bacteria were transferred 

to each large plate containing the same bacteria and left 

at 20oC for 5 days. The plates were supplemented with 

concentrated bacteria when the bacterial lawn was depleted 

during this period. To determine the brood size, individual 

worms were grown on plates seeded with either E. coli B105 

(Q+) or E. coli B105 (Q–) and were transferred to a new plate 

every 24–36 h until they stopped laying eggs. Ten worms 

were analysed for each bacterial strain. The progeny were 

counted at the L3/L4 stage. 

2.2 tRNA isolation

The worms were harvested in sterile M9, washed twice 

with M9 and incubated at room temperature for 20 min to 
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allow digestion of the bacteria present in the worm intestine. 

To prepare total RNA, the worm pellet (about 1 ml) was 

subjected to two cycles of freeze–thaw in liquid N
2
 and 

ground in half the volume of TRIzol (Invitrogen) with a 

prechilled mortar and pestle. The ground slurry was taken up 

in seven volumes of TRIzol (Invitrogen), vortexed and spun 

at 20,000 g for 15 min. The supernatant was extracted twice 

with equal volumes of chloroform. The total RNA (present 

in the aqueous fraction) was precipitated with 0.7 volume 

of ice cold isopropanol and pelleted by centrifugation. The 

RNA pellet was washed with 2 ml 70% ethanol, dissolved 

in 0.5 ml buffer R200 (10 mM Tris-H
3
PO

4
 at pH 6.3, 15% 

ethanol, 200 mM KCl) and analysed by a Nanodrop® 

spectrophotometer for concentration and purity. 

Figure 1. HPLC profi le of tRNA isolated from a mixed population of C. elegans N2 worms fed on E. coli OP50. The tRNA fraction was 

digested overnight with P1 nuclease followed by treatment with alkaline phosphatase. The preparation was then loaded onto a Supelcosil 

LC-18 column and run according to Gehrke and Kuo (1990). Panel A shows the HPLC profi le in the 25–35 min region. Panel B is the UV 

spectrum of the Q peak, and panel C is the spectrum for the manQ peak. 
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To isolate tRNA, the volume of total RNA was made up 

to 2 ml with R200 and loaded onto a Nucleobond AX500 

column (Macherey-Nagel Gmbh & Co.), pre-equilibrated 

with the same buffer, washed with 6 ml R200, followed 

by 2 ml R650 (same as R200, except that it contains 650 

mM KCl) and the tRNA was eluted with 6 ml R650. The 

tRNA was precipitated with isopropanol, pelleted by 

centrifugation, washed with 70% ethanol, vacuum dried and 

dissolved in 100 µl sterile MilliQ water. Yields of 200–240 

µg total tRNA from 4 mg total RNA were obtained.

2.3 Base analysis by HPLC and mass spectrometry

tRNA was treated with nuclease P1 followed by bacterial 

alkaline phosphatase and the hydrolysates were analysed 

using a Supelcosil LC-18S column (250 x 4.6 mm) on a 

Waters HPLC system Model 2695 as described by Gehrke 

and Kuo (1990). The chromatograms presented were obtained 

at 254 nm. For mass spectrometry, a Waters Micromass ZQ 

system was used in conjunction with HPLC. The buffers used 

in HPLC were as described in Pomerantz and McCloskey 

(1990), except that the ammonium acetate concentration was 

5 mM and the fl ow rate 1.8 ml/min. The ion source was 120 

and the desolvation temperature was 300°C.

3. Results and Discussion

3.1 Analysis of C. elegans tRNA shows the presence 

of queuosine (Q)

Queuosine is present in organisms as diverse as bacteria, 

starfi sh, coconut and humans (Kasai et al 1975; Katze 

Figure 2. HPLC profi les of tRNA isolated from a mixed population of C. elegans N2 worms fed with either E. coli B105(Q+) (A) or E. coli 

B105(Q–) (B). Panels C and D show UV absorbance of the Q and manQ peaks, respectively. The Q peaks (black arrows) are missing in the 

profi le from worms grown on E. coli B105(Q–). A small peak (empty arrow) seen in the 32.5 min region has an absorbance that is different 

from the characteristic absorbance of Q and gal/manQ. This peak is also present as a shoulder of the gal/manQ in the Q+ sample but is more 

prominent in the Q– sample which had about 40% more material than the Q+ sample.
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et al 1982). The observation that the genome of C. elegans 

harbours the TGT gene(s) (ZK829.6 and Y39B6A.35) 

indicated that Q should be present in the worm tRNA. 

However, the worm tRNA has never been analysed for the 

presence of Q. We analysed the base composition of the tRNA 

of worms grown on E. coli OP50, the bacterial strain most 

commonly used to grow C. elegans. As shown in fi gure 1, 

the HPLC profi le showed a peak at the elution time expected 

for Q. Further, the ultraviolet (UV) absorbance spectrum of 

this peak is characteristic of Q, indicating that the worm 

tRNAs contain Q. Interestingly, another peak (referred to 

as Q*) eluting near Q and with a similar UV spectrum was 

also observed. Two sugar derivatives of Q, galactosylated 

Q (galQ; Kasai et al 1976) and mannosylated Q (manQ; 

Kuchino et al 1981; Haumont et al 1984) are known to 

exist in animal tRNAs. Gehrke and Kuo (1990) reported 

the mean retention times for Q (28.31 min ± 0.311), manQ 

(29.15 min ± 0.275) and galQ (29.70 min ± 0.314) from 

16 experiments. Using data from 5 experiments, we obtained 

a mean retention time of 31.13 min ± 0.378 for Q and 32.15 

min ± 0.286 for the Q*. The ratio of retention times Q*/Q 

(1.03, rounded off to two decimal places) calculated from 

our data is similar to the manQ/Q (1.03) ratio but not to the 

galQ/Q (1.05) ratio (Gehrke and Kuo 1990), suggesting that 

Q* is manQ. 

3.2 Q and its derivative are depleted from C. elegans 

tRNA isolated from worms fed on E. coli defective in 

queuosine biosynthesis

To investigate whether Q is present in tRNA isolated from 

worms raised on a diet lacking Q, C. elegans N2 worms 

were cultured for four consecutive generations on either 

E. coli B105(Q–), a mutant strain lacking Q modifi cation 

(Dineshkumar et al 2002), or E. coli B105(Q+), an isogenic 

strain harbouring Q (Gaur and Varshney 2005). The 

Figure 3. Mass spectrometry analysis of tRNA from Q+ and Q– worms. (A) UV absorbance of tRNA hydrolysates in the buffer system 

after Pomerantz and McCloskey (1990). The Q and its other forms elute at around 18 min in this buffer system. (B) Total ionic counts in 

the tRNA hydrolysates. (C) Intensity plotted against elution time for the molecular weights 572 and 410, respectively. 572 is the molecular 

weight of man/galQ; 410 is the molecular weight of Q itself. Note that peaks (indicated by arrows) are present at 18 min for both molecular 

weights in the spectra obtained with tRNA from worms grown on Q+ bacteria. The corresponding peaks are absent from the spectra obtained 

from tRNA isolated from worms grown on the Q– strain. 
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tRNA from the two worm populations was analysed for 

the presence of Q by HPLC. As shown in fi gure 2A, the 

tRNA from worms fed on B105(Q+) contains Q and Q* 

(manQ), whereas the tRNA from worms fed on B105(Q–) is 

defi cient Q (fi gure 2B). To further confi rm the observation, 

the tRNA preparation was analysed by mass spectrometry. 

As shown in fi gure 3C, the peaks for the mass of Q and 

man/galQ are seen in the tRNA from the worms fed on 

E. coli B105(Q+) but absent from those fed on E. coli 

B105(Q–). An extra peak of mass 410 is also seen in both 

the profi les (fi gure 3C). Although this mass corresponds to 

the mass of Q, the retention time of this peak (~30 min) is 

different from that of Q (~18 min). As a thorough analysis 

of the modifi ed nucleosides in worm tRNAs is unavailable

(http://medlib.med.utah.edu/RNAmods/), the identity of this 

novel peak remains unknown at present. 

Using the data from HPLC (fi gures 1 and 2) and mass 

spectrometric analysis (fi gure 3), we conclude that the 

worms possess Q and a sugar derivative of Q, both of 

which are depleted when the worms are fed on an E. coli 

mutant lacking the ability to synthesize Q. Interestingly, 

this observation suggests that C. elegans lacks the ability to 

synthesize Q de novo. 

The time taken to produce worms depleted of Q 

(two weeks) compares favourably with that required to 

produce mice lacking Q (one year or more). Furthermore, 

whereas the generation of mice or fl ies lacking Q requires 

careful husbandry of animals on a Q-free diet under 

germ-free conditions, growing worms on Q– bacteria is not 

technically demanding. The large brood sizes (approxi-

mately 300 for each hermaphrodite) coupled with the 

short generation time means that it is possible to produce a 

population of worms in which Q is undetectable within two 

weeks.   

3.3 Analysis of C. elegans fed on Q+ and Q–  E. coli

The gross morphology of the young Q– worms was similar 

to that of Q+ worms. All of the L1 worms (n = 100) of both 

Q+ and Q– type survived a 2 h heat shock at 33oC. When a 

5 h heat shock was given to L4 worms at 33oC, the ratio 

of survivors to dead worms was 56% for Q+ and 52% for 

Q– worms (n = 125 for both populations). Comparison was 

also made of metal stress tolerance between Q+ (n = 62) and 

Q– populations (n = 120). All of the L1 worms of both types 

reached the L4 stage when 20 mM CdCl
2 

was included in 

the plates. When 200 mM CuSO
4
 was included in the plates, 

45% of Q+ L1 worms reached the L4 stage compared with 

50% of Q– worms. Also, the Q– worms had a similar brood 

size (312 ± 29.4) as the Q+ worms (321 ± 41.5) indicating 

that the Q– worms were generally healthy. Thus in the 

phenotypes analysed by us, the responses of the Q+ and 

Q– worm populations were found to be similar.

4. Conclusion

We have carried out the fi rst analysis of Q in C. elegans and 

shown that like other metazoans, C. elegans tRNAs possess 

the Q modifi cation and a sugar derivative of Q. Importantly, 

both the forms of Q disappear from C. elegans tRNA when 

C. elegans is grown on a diet of Q– E. coli, suggesting that 

nematodes, like other animals, cannot synthesize Q de novo 

and obtain the modifi ed nucleoside from their diet. The 

method employed by us to deplete Q in C. elegans has the 

distinct advantage of precluding the use of a chemically 

defi ned medium. This method is fast, straightforward and 

maintains the organism under growth conditions similar to 

those routinely used in the laboratory. 

The worms lacking Q obtained using this system were 

subjected to heat and metal stress. However, the Q– and the 

Q+ worms behaved in a similar fashion in these experiments 

suggesting that Q does not play a detectable role in the 

physiological response of C. elegans to these stresses. 

In Drosophila larvae, Q has been shown to be involved 

in cadmium resistance (Siard et al 1991) but a similar 

phenomenon was not observed in the Q– worms tested by 

us. On the other hand, the fact that Q– mice did not show 

any abnormalities (Reyniers et al 1981) is in agreement 

with our observations in Q– C. elegans. However, our 

experiments do not rule out a role of Q modifi cation in 

tRNAs in subtle mechanisms relevant to the in vivo function 

and to the fi tness of the animal in its natural habitat. A TGT 

orthologue containing the consensus catalytic and tRNA-

binding residues has been identifi ed in C. elegans (Romier 

et al 1997). Intuitively, one would consider that a high 

degree of conservation of the molecular machinery involved 

in salvage and incorporation of Q in eukaryotic tRNAs 

would imply an important role for Q in metazoan biology. 

Further investigations under varied conditions may reveal 

the physiological role of Q in metazoan biology. With the 

development of a facile method of Q depletion in C. elegans, 

many such experiments now become feasible. Moreover, 

this system also serves as an excellent platform to address 

important issues of Q metabolism such as the Q salvage 

pathway and the identities of enzymes that glycosylate Q. 
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