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ABSTRACT   
 

Telomere length dynamics are an established biomarker of health and aging in animals. The 

study of telomeres in numerous species has been facilitated by methods to measure telomere 

length by real-time quantitative PCR (qPCR). In this method, telomere length is determined by 

quantifying the amount of telomeric DNA repeats in a sample and normalizing this to the total 

amount of genomic DNA. This normalization requires the development of genomic reference 

primers suitable for qPCR, which remains challenging in non-model organism with genomes 

that have not been sequenced. Here we report reference primers that can be used in qPCR to 

measure telomere lengths in any vertebrate species. We designed primer pairs to amplify 

genetic elements that are highly conserved between evolutionarily distant taxa and tested 

them in species that span the vertebrate tree of life. We report five primer pairs that meet the 

specificity and reproducibility standards of qPCR. In addition, we demonstrate how to choose 

the best primers for a given species by testing the primers on multiple individuals within a 

species and applying an established computational tool. These reference primers can facilitate 

the application of qPCR-based telomere length measurements in any vertebrate species of 

ecological or economic interest. 

 

INTRODUCTION 
 

The measurement of telomere lengths is an important approach used to study the health and aging of 

organisms. Telomeres are structures at the end of Eukaryotic chromosomes that are comprised of 

proteins bound to repetitive DNA sequences. Telomeres protect the ends of linear chromosomes and 

provide several important cellular functions (1). The length of telomere DNA shortens at each cell 

division, and telomere shortening can eventually lead to cellular senescence, which affects tissue 

function, organismal health and lifespan (2–4). Telomere lengths are considered an indicator of 

phenotypic quality (5, 6) and telomere length dynamics have been shown to have predictive power of 

the future success of organisms. For example, telomere shortening has been shown to predict both 

lifespan and reproductive success (7, 8), which are proxies for organismal fitness. Short telomere 
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lengths have even been shown to precede extinction events (9). In addition, telomere shortening has 

been shown to be accelerated by various forms of stress (10–12) and telomere lengths have been 

used to evaluate environmental quality (13–15). The ability to monitor the well-being of organisms and 

to predict their future success has important applications in both wild and captive environments. In 

addition, understanding telomere dynamics across the vertebrate tree of life could also lead to a 

better understanding of the mechanisms and evolution of aging in general.  

 Despite the motivation for measuring telomere lengths, research remains limited to relatively 

few species, with the majority of studies done in avian species (16–18). Methodological challenges 

are one reason for the limited use of telomere length measurements. A widely used method is to 

measure relative telomere length by real-time quantitative PCR (qPCR). This method requires only 

common lab equipment and techniques, can be done in relatively high-throughput and is robust 

despite low sample quantity and quality (19, 20). Measurement of telomere length by qPCR requires 

primers that amplify telomere repeats, where the concentration of telomeric DNA in a sample, 

determined by qPCR, is proportional to telomere length. The method also requires reference primers 

that amplify a non-telomeric region of the genome of interest to normalize for the total amount of 

genomic DNA in the sample (21). The repeating DNA sequence of telomeres (TTAGGG) is identical 

in all vertebrates, so the established telomere-specific primer pairs should work in any vertebrate 

species (22). In contrast, the genome specific reference primers optimized in one species may not 

work in other species because of unknown genetic differences, often requiring the design and 

optimization of new primers for each new species that is to be studied (23, 24). Reference primer 

development is especially challenging in non-model organisms with genomes that have not been 

sequenced. Despite the simplicity of measuring telomere lengths by qPCR, reference primer design 

may limit the adoption of this assay in newly analyzed species. 

 Here we report PCR primers that can be used as genomic reference primers for qPCR based-

telomere length measurements in any vertebrate species. To design a PCR assay that would work 

universally in vertebrates, we designed primers to amplify ultra-conserved elements (UCEs) which are 

genetic elements that are highly conserved between evolutionarily distant taxa (25–27). We identified 

primer pairs that amplify five different UCEs and also meet qPCR requirements for specificity and 

efficiency (28) (Figure 1A). We designed these primers to match the annealing temperature of the 

established telomere primers so that they can be used in the same PCR plate if desired. We found 

that all five primers efficiently and reproducibly amplify genomic DNA in every vertebrate sample that 

we tested. In addition, the targeted UCEs do not vary in copy number in the species we investigated. 

As a proof of concept, we used the primers to verify a significant decrease in telomere length with age 

in American kestrels, a species for which telomere lengths had not previously been measured. The 

reported qPCR primers enable the expansion of telomere length studies to new vertebrate systems 

for basic and applied research questions. 
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MATERIAL AND METHODS 

 

Genomic DNA extraction 

 

DNA was extracted from blood or tissue samples using the Zymo Quick-DNA Microprep Plus Kit 

(#D4074) according to the manufacture’s protocols for the sample type. Blood samples from Northern 

goshawk and American kestrel were stored in Queen’s lysis buffer (0.01 M Tris, 0.01 M NaCl, 0.01 M 

EDTA, and 1% n-lauroylsarcosine, pH 7.5) prior to extraction. Human DNA was from a buccal swab. 

DNA from a red-eared slider was extracted from a shell fragment. DNA from sea squirt was extracted 

from whole organisms. All other DNA samples were extracted from muscle tissue. All animals were 

treated in accordance with Boise State University animal care and use policies where applicable. DNA 

purity was assessed by 260/280 nm absorbance ratio (NanoDrop). DNA was quantified by 

absorbance at 260 nm and the concentration was normalized to 2ng/µl in 10 mM Tris-HCl pH 8.5 and 

0.1 mM EDTA.  

 

Quantitative PCR 

 

Quantitative PCR (qPCR) was performed using a Roche LC96. A standard curve for each primer pair 

was included in triplicate on each qPCR plate. Genomic DNA from the organism of interest which had 

the highest concentration, measured by UV absorbance, was used for the standard curve. The 

standard curve was prepared by seven serial dilutions (1∶5). Reactions were carried out in 20 µL 

volumes containing approximately 8 ng DNA for unknown samples (or 4 µl of varying concentrations 

of DNA for serial dilutions), 10 µl of 2x Biotium Fast Plus EvaGreen® qPCR Master Mix, 10 pmol each 

of forward and reverse primers (500 nM final primer concentration) and water up to 20 µl. For UCE 

and telomere primers, the two-step thermal cycling profile was 95°C for 2 min, followed by 40 cycles 

of 95°C for 5 s and 55°C for 30 s, with signal acquisition at the end of the 55°C step and melt curves 

generated by increasing temperatures from 72 to 95°C, in 0.5°C steps, with a 30 s dwell period per 

step at the end of the thermal cycling. Reactions with previously reported primers for 36B4 in mice 

contained a 250 nM final concentration of forward and reverse primers with all other reagents as 

described above. PCR reactions with the 36B4 primers were thermal cycled for 95°C for 2 min, 

followed by 35 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 30 s with a final extension for 5 

min at 72°C and signal acquisition at the end of the 72°C step and melt curves generated by 

increasing temperatures from 72 to 95°C, in 0.5°C steps, with a 30 s dwell period per step at the end 

of the thermal cycling.  

All samples were PCR amplified in triplicate along with three no template controls per primer 

pair. Triplicates were averaged and any sample with a quantification cycle (Cq) standard deviation of 

greater than 0.5 between triplicates or with Cq values outside of the standard curve were repeated. 

Concentrations (ng) of telomere repeats and UCEs were determined using an external standard curve 

approach and Roche LightCycler software (release 4.0) for Absolute Quantification auto-analysis with 
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the second derivative maximum method (proprietary). The efficiencies of each primer pair were 

determined from the slope of the standard curves using Roche LightCycler software where 

E=10[−1/slope]. Optimal efficiency (100%) is defined as a slope of 3.32. The correlation coefficients (R2) 

were determined from the replicates of the dilution series.  

 

Data analysis    

 

Primer pairs were assessed for their effect on stability values computationally (geNorm) as previously 

described (29). The same genomic DNA samples from multiple individuals were amplified with 3-5 

UCE primer pairs, and the Cq values were used to sequentially eliminate the least stable primer pair. 

The two most stable UCE primer pairs were then used to generate DNA concentrations (ng) from a 

standard curve and these concentrations were graphed on a scatter plot with Pearson correlations 

and trend lines reported. To calculate relative telomere lengths in adult and nestling kestrels, the 

telomere concentration (T) was divided by the average concentration of two UCE genes (UCEave) to 

yield T/UCEave.  

 
RESULTS 

 

Assay development 

  

We set out to develop primer pairs to several UCEs to enable cross validation. We chose several 

UCEs from UCbase 2.0 and designed multiple primer pairs for each using a primer design tool 

(OligoArchitect, Sigma-Aldrich). During design, we limited the product length to 250 bps and designed 

primers to have a Tm of 60˚C to match the Tm of established telomere-specific primers (30). We 

ranked the primer pairs computationally (Beacon Designer) and experimentally tested the top four 

pairs for each of the UCEs by amplifying mouse DNA in a qPCR reaction. Using melt-curve analysis, 

we identified primer pairs for five of the UCEs that produced a single-peaked melt curve (Figure 1B). 

We determined the amplification efficiency for each of these five UCE primer pairs by amplifying 

seven serial dilutions of the mouse DNA in triplicate (Figure 1C). A primer pair for all five UCEs was 

found that have qPCR efficiencies within the best-practice range of 90-110% and correlations (R2) of 

the Cq values for replicates greater than or equal to 0.980 (31) (Figure 1C). The sequences of the 

chosen UCE primer pairs is reported in Table 1. 
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Figure 1. UCE primer performance in qPCR. (A) Conceptual diagram of the universal vertebrate 

telomere assay design. Black bars represent the level of conservation of genomic regions determined 

by the alignment of multiple genomes such as a bird, a mammal and a fish. Telomeric repeats are 

conserved in all chordates and are amplified by primers specific to this sequence. The same 

reference primers can be used in all species because they amplify ultra-conserved elements (UCE) 

that have high conservation between distant taxa. (B) Melt curves of the amplification product of the 

qPCR of genomic mouse DNA using the best primer pair for each UCE. (C) Efficiencies and R2 values 

of the best primer pair identified for five different UCEs, named by their access number in the UCE 

database. 

 

Table 1  UCE and Telomere Primer Sequences 

Name Sequence 

tel 1b CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT 

tel 2b CAGCCGAAAGGCCCTTGGCAGGAGGGCTGCTGGTGGTCTACCCTT 

UCE.359-F ATCTGAGACTTGTGACAT 

UCE.359-R GTGTTAATTGGTAATGACTATT 

UCE.28-F AAATACCACCCAACAGTTT 

UCE.28-R AAGCCCTATACAGATGGAT 

UCE.64-F GAGTCTCCAATATCATCAGAAGC 

UCE.64-R ACACATGCCACGATCAATG 

UCE.239-F TCAGATGTTCAGCCTATT 

UCE.239-R AATACCATGTTAATTATCCTCAA 

UCE.176-F TTTCTACAGTTCTGATTTAGTTGA 

UCE.176-R TGTTCCCTGTCGCATTAG 
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Validation across the vertebrate tree of life 

 

We next tested our primers across the vertebrate tree of life (Figure 2A). We collected various tissue 

types from 19 species for DNA extraction. To test our primers as broadly as possible, we also 

included a sea squirt, which is amendable to telomere length measurements because basal chordates 

have the same telomeric repeat sequences as vertebrates. We performed qPCR on each sample in 

triplicate with all five primer pairs and evaluated the melt-curves. We found that all five primer pairs 

amplified DNA from every species with a single melt peak. All of the UCE primer pairs also have 

efficiencies in the best practice range of 90-110% when used to generate a standard curve through 

serial dilution (32). These results indicate that all five primer pairs are suitable primers for qPCR in all 

vertebrates that we tested. 

 An additional requirement for reference genes used for normalizing telomere length is that 

they must not vary in copy number among individuals in the population. For example, a duplication of 

a reference gene in one individual would appear as a halving of their telomere lengths relative to a 

non-duplicated individual. The amplification of closely related homolog variants could also introduce 

normalization differences that would have the same effect as copy number variation. The challenge of 

identifying reference primers with minimal variation between individuals for telomere length 

measurements is similar to choosing primer pairs for normalizing real-time PCR data for gene 

expression. We therefore evaluated our primer pairs using an algorithm, geNorm, designed for this 

purpose (29). The geNorm algorithm evaluates the cumulative variation among multiple primer pairs 

and iteratively eliminates primer pairs that contribute the most variation until final primer pairs are 

chosen. Two or more primer pairs are preferred over a single primer pair to reduce random 

experimental variation (33) . Using the NormqPCR package in R which utilizes the geNorm algorithm, 

we identified the best combination of UCE primer pairs from DNA extracted from 20 mice (Mus 

musculus), 17 rock ptarmigan (Lagopus muta), and 20 northern goshawks (Accipiter gentilis), 

representing both sexes and a range of ages. Samples were amplified by qPCR with each of the five 

reference primer sets using the same DNA concentration (8 ng) for each reaction. We found that the 

use of two primer pairs for normalization leads to very low stability values in each of the species 

tested (Figure 2B). Next, we extracted DNA from another mammal (bighorn sheep, Ovis canadensis) 

and tested the top three primer pairs which had been identified in mouse. Using NormqPCR we 

identified the two primer pairs with the lowest stability values (Figure 2B). The genomic DNA 

concentration quantified by these two primer pairs showed high correlation (Pearson), suggesting that 

neither pair exhibit copy number polymorphisms within the individuals tested (Figure 2C and 

Supplementary Figure S1). 

 We next set out to determine if the UCE-based assay yields expected relative telomere length 

measurements in a species where telomere lengths have not been previously measured. We 

extracted DNA from the blood of 15 adult and 29 nestling American kestrels. We amplified each DNA 

sample separately with telomere specific primers, UCE.28 and UCE.239 which were chosen because 

of low stability values and high correlations. Relative telomere length was calculated as the ratio of 
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the telomere amplification product to the average of the UCE amplification products. The results 

showed that adult American kestrels had a significantly shorter telomere length than nestlings, which 

was expected since telomeres tend to shorten with aging (Figure 2D). We note that, prior to 

developing the UCE primers, we had attempted to utilize published GAPDH primers to normalize 

telomere lengths in the American kestrel. We found that both the published (34) and extensively 

redesigned and optimized GAPDH primers exhibited abnormal PCR variations between individuals, 

making this commonly used reference gene unsuitable in this organism (Supplementary Figure S2). 

These results suggest that our primers may even be an improvement for telomere assays in avian 

species.    
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Figure 2. Validation of UCE reference primers across the vertebrate tree of life. (A) Phylogenetic tree 

of organisms in which reference primers were validated. (B) Average stability values generated in 

geNorm from the utilization of six to two reference gene primers. (C) Pearson correlation between the 

genomic DNA concentrations (ng) of the two UCE primer pairs that resulted in the lowest average 

stability values (geNorm) in each of four organisms. (D) Relative telomere length for adult and nestling 

American kestrels using UCE primers.  
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UCE primers are an improvement over previously reported telomere assay reference primers 

for mice 

 

We next quantified 20 mouse samples with a reference primer pair previously reported in the literature 

that was designed for qPCR-based telomere length measurement in mice (35). The previously 

reported primers target the acidic ribosomal phosphoprotein PO (36B4) gene and have been used in 

multiple publications (35). We used the published thermal cycling profile of the 36B4 primers to 

determine the PCR efficiency and evaluate the melt peak. The 36B4 primers had a good efficiency 

(102%) but showed a broad, multi-peaked melt-curve indicating PCR artifacts or non-specific 

amplification occurred (Supplementary Figure S3). When we included the 36B4 primer pair in the 

NormqPCR stability analysis for mouse, this primer pair was the second eliminated by the geNorm 

algorithm, indicating that our top UCE primer pairs are an improvement with respect to genomic 

reference stability values in mice. These results further suggest that our UCE reference primers may 

be useful even in organisms with established reference primers.  

 

DISCUSSION 

 

Real-time qPCR-based telomere length assays provide a reliable and high-throughput method for 

studying telomeres. The primers reported here make this assay possible in any vertebrate species. 

For investigators that wish to study telomeres in a new organism, we recommend first testing all five 

UCE primer pairs on at least ten individuals and performing a stability analysis to find the best two 

primer pairs (29). Compared to a single reference primer pair, using the average quantity from two 

reference primer pairs for relative telomere length measurement has the advantage of averaging out 

other sources of qPCR noise (36). While three or more reference primers could be used if warranted, 

this would require more DNA and reagents. We were able to identify primer pairs with low stability 

values in bighorn sheep from comparing the best three primer pairs identified from mouse DNA 

samples (UCE.28, UCE.64 and UCE.239). This suggests that these three primers could be a good 

starting point for any mammalian or ungulate species. However, the slightly lower correlation between 

the concentrations measured for the bighorn sheep samples, compared to the other organisms, 

suggests that a better primer pair might be found if all five primers were tested (Figure 2C). The 

bighorn sheep samples also had relatively low DNA concentration, which may also have contributed 

to the lower correlation value. We also recommend that in telomere assays in which all samples do 

not fit on one plate that the raw T/ UCEave ratio would be divided by the average T/ UCEave ratio of 

internal calibrator samples. In addition to primer choice, it is also important to establish appropriate 

tissue collection protocols for each new species because telomere length dynamics can vary between 

different types of cells and tissue (37). The biological relevance of telomere lengths must be 

determined in each organism which will require additional information such as diseases state and life 

history. 

 The ability to determine relative telomere length in any vertebrate species creates new 

opportunities in basic and applied research. For example, telomere length measurements can be 
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used for monitoring the health and aging of organisms. Telomere lengths have even been considered 

a proxy for fitness because telomere lengths have been shown to predict lifespan and reproductive 

success in some species (5, 7). For organisms of conservation concern, telomere lengths have been 

shown to be an early indicator of extinction risk (9). Telomere lengths in indicator species in different 

environments may allow identification of important ecosystems disturbances, including those caused 

by humans. The ability to study multiple species simultaneously opens up questions about how 

telomere lengths change during long-term predator pray cycles or other ecological interactions. The 

ability to study telomere lengths in diverse taxa will allow for a better understanding of aging across 

the tree of life and from an evolutionary perspective (38).   

 

AVAILABILITY 

geNorm is open source and available in the R software package NormqPCR 

(https://github.com/jimrperkins/NormqPCR).  
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