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Abstract: Telomeres are specialized nucleoprotein structures that have two important
functions: (i) protection of the chromosomal ends from deleterious events such as
chromosome fusion and degradation; (ii) counteraction of the “end replication problem” by
allowing telomerase-dependent or, more rarely, telomerase-independent telomere
elongation. The DNA sequences underlying these activities are short simple tandem
repeats, which in vertebrate consist of a variable number of TTAGGG. Telomeres
dysfunction may be caused either by the absence of telomerase activity or by mutations in
telomeric proteins involved in telomere length and structure regulation. Additionally,
increasing experimental evidence suggests that telomeres take part in the complex network
regulating cell proliferation. Accordingly, telomeres are involved in biological process
such as aging and tumor progression. In this study we determined the telomere length in
two bovine Italian cattle breeds, Chianina and Maremmana, which are characterized by
high longevity and range breeding. In order to account for possible variation among
different tissues, we have determined telomere length in different organs such as spleen,
lung and liver. Overall, the median telomere length was significant lower in Chianina
(11 +0.69 kb) than in Maremmana (12.05 £1.57 kb). Moreover, telomere length variation
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among individuals was very low in Chianina but rather high in Maremmana. These data
suggest that telomere length is influenced by the breeds. This hypothesis is confirmed by
the different history of these Italian breeds. Indeed, Chianina has a long history and its size
was maintained by the Breeders Association without necessity to crossbreed with other
breeds, whereas the population of Maremmana underwent a dramatic shrinkage in the
recent past. Therefore, breeders have crossed Maremmana with other breeds, like Charolais,
and have relaxed the rules for the inclusion in the herd book.
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1. Introduction

Telomeres are specialized nucleoprotein structures present at the end of eukaryotic chromosomes
that have two important functions: (i) to protect the chromosomal ends from recombination and
degradation; (ii) to counteract the “end replication problem” by allowing telomerase-dependent or,
more rarely, telomerase-independent telomere elongation [1-3]. Telomeres consist of stretches of G-C
rich tandem repeats highly conserved throughout evolution, which are composed of variable number of
TTAGGG in all vertebrates [4]. Typically, telomeres end up with a single-stranded 3’overhang,
the G-tail, varying in length from a few nucleotides in yeast to a few hundred nucleotides in man.
Telomeric G-tails have been proposed to be involved both in establishing a closed telomere structure,
the T-loop, which precludes the access to telomerase, and in acting as a substrate for telomerase
activity leading to telomere lengthening. Thereby, telomere length is the results of two opposing
mechanisms: (i) telomere erosion due to unprotected ends that may be degraded and/or incompletely
replicated; (ii) telomerase-dependent telomere lengthening. The equilibrium between these processes
embodies the mean telomere length. Since the telomerase enzyme is finely regulated during
development and it is usually inactive in adult organisms, telomeres are particularly vulnerable, due to
progressive shortening at each round of DNA replication, which places the organism at risk of
chromosome instability during aging. Indeed, telomere shortening has been documented in aging
tissues and hyper-proliferative disease. However, telomerase is reactivated to maintain telomere length
allowing unlimited proliferation in most advanced cancers. These data lead to speculate that
telomerase activity plays an obligate role in cancer development whereas lack of such activity
promotes aging and degenerative disease [5].

Although the contribution of telomere maintenance to aging is still under debate, a number of
experimental and clinical studies suggest that telomere maintenance plays an important role in
longevity, both in humans and in wild animals [6-8]. In older humans (60- to 97-year-old individuals),
a prospective study showed that individuals with short telomeres had higher mortality than those with
long telomeres [6] and the survival difference was in part attributable to the individuals with short
telomeres having higher mortality from age-related diseases. More recent human studies show no clear
association between telomere length and survival in humans older than 85 years of age [9,10]
suggesting that telomere length may be a more informative biomarker for mortality in young- and
middle-aged individuals rather than in the oldest individuals of a species [11]. Similarly, in wild
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populations it was shown that that longer lived species better maintain their telomeres as compared
with shorter lived ones [12], In one species, Leach’s storm petrel (Oceanodroma leucorhoa), a
long-lived seabird that lives four-times longer than expected based on body mass [13], telomere length
did not shorten with age but instead appeared to lengthen across the bird’s life span [12]. Additionally,
the yearling female tree swallows (Tachycineta bicolor) with shorter than average telomeres were less
likely to return to the breeding site in subsequent years than those with longer than average telomere
lengths, suggesting that telomere maintenance is not only associated with late-life
mortality [8]. These data provide further evidence that telomere maintenance is related to cellular and
organism longevity.

The telomere length vary from few hundred bp in yeasts to hundreds of kb in mammals [2].
Telomere length in several domestic animal species, including sheep, pigs, horses, dogs and cats range
from 10 to 30 kb [14-17], an exception being Mus musculus, which shows very long telomeres of up to
100 kb [18]. Telomere length in cattle breeds was previously determined but limited to a few breeds. In
2002, Myashita et al. [19] analyzed leukocytes telomeres from Japanese Black cattle (age 1-18 yr), the
mean size of the terminal restriction telomere fragments were found to be 19.0-21.0 kb in newborn
calves and 16.8-15.1 kb in 18-yr-old animals. Telomere shortening during aging in cows was
confirmed by a subsequent study [18] showing that telomere length from ear fibroblasts was
19.5 £0.5 kb in seven-year old adult cows and 18.5 0.5 kb in 10-year-old-cows, but no prospective
study of telomere length in cattle breeds having different breeding history was published yet.

In this study we present the analysis of telomere length in three different tissues, characterized
by different proliferation capacity: spleen, lung and liver. The samples were from two Italian
cattle breeds, Chianina and Maremmana, which are both characterized by high longevity and free
range breeding.

The Maremmana breed can be traced back to Grey Steppe cattle, which entered Italy in large
numbers during the 14th to 18th centuries. Herdbook registration started in 1935 (total breed
population 274,000 heads). Since 1945, head numbers have declined dramatically, due to changes in
land use and mechanization, and by the mid 1960s extinction was predicted. The breed recovered
between 1965 and 1975 because of its ability to adapt to the environmental constraints of the hilly
areas of the Maremma, reaching 60,000 heads in 1975. In 1992, 10,000 heads, of which 4,000 were
female cows and 120 were sires, were registered in the Herdbook. Since then the number
remained constant.

Chianina is one of the oldest cattle breeds in the world. This ancient breed has been raised for over
22 centuries and it is indigenous to Val di Chiana, the fertile plain in central Italy located between the
regions of Tuscany and Umbria, which gave the breed its name. It then spread throughout all the
provinces in Central Italy and, following World War 11, it also crossed the ocean to South America,
Australia, Canada and the United States. In 2006, the Italian Chianina population consisted of
approximately 33,000 animals in 941 herds. Cows and yearling heifers represent nearly 60% of the
total population; calves and bulls represent 38.5% and 1.5% of the population, respectively [20].
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2. Experimental Samples
2.1. Animal Populations

In this study, 10 bulls from Chianina (mean age at slaughtering of 18.7 +=1.7 months) and eight
from Maremmana (mean age at slaughtering of 20 +1.8 months) were tested. The bulls, all registered
in the Herdbook, were chosen by ANABIC (Associazione Nazionale Allevatori Bovini Italiani da
Carne, S.Martino in Colle, Perugia, Italy) in order to ensure the breed standard, and were sampled in
different farms of the Lazio region (central Italy) during a six months period (June—December 2006).
For all sampled animals the “longevity index” was calculated by ANABIC by using a number of
parameters based on family longevity and number of mother’s calving. From each animal, liver, spleen
and lung tissues were sampled.

2.2. DNA Isolation and Telomeric Restriction Fragment (TRF) Analysis
2.2.1. Genomic DNA Isolation and Digestion

Genomic DNA was extracted from bovine liver, spleen, and lung. Bovine tissue samples were
shock-frozen in small pieces in liquid nitrogen and stored at —80 <C. Extraction was done from about
10 cryostat sections of 20 pm thickness by using Wizard Genomic Purification kits (Promega,
Medison, USA) according to the supplier’s instructions.

After extraction, the integrity of undigested DNA was analyzed by conventional electrophoresis in
0.8 agarose gel, only samples showing high molecular weight DNA (>23 kb) were used for TRF
analysis. TRF analysis was carried out as described in Fradiani et al. [16]. Briefly, 10 pg DNA
samples were digested with two 4 bp-cutting restriction enzymes, Hinfl and Sau3A, and separated by
conventional gel electrophoresis (0.8% agarose gels, 0.5 V/cm, run time 18 hr) and by PFGE (Pulsed
Field Gel Electrophoresis) using the following FIGE (Field Inversion Gel Electrophoresis) conditions:
1% agarose gel in 0.5 < TBE; forward voltage 9.0 VV/cm, reverse voltage 6.0 V/cm; initial switching
time 0.005 s, final switching time 0.92 s; running temperature 14 <C; running time 14 h. PFGE was
done using the CHEF-Mapper DRI apparatus (Bio-Rad Laboratories, Inc.).

2.2.2. Southern Transfer and Hybridization

The gels were blotted onto nitrocellulose membranes (Scheicher & Schuell) and hybridized to
the (T2AG3)10 probe. After washing, hybridization signals were detected using Thypoon 9200
(Amersham Biosciences).

2.2.3. TRF Analysis

TRFs were analyzed using densitometry (Kodak ID, Imaging Software) to determine the size
distribution of the telomere population in each sample. First, each sample was analyzed using the lane
analysis option of the Kodak ID software. The longest and the shortest telomeres were identified as
those fragments showing signals above background: either upper or lower background.
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Second, telomere length distribution in each sample was determined by plotting the cumulative
fraction of telomeres versus size; the size at which the cumulative fraction equals 0.5 represents the
median length, where 50% of the telomeres are longer and 50% are smaller than that size [21]. This
analysis was done by using TELORUN, freely available at: http://www4.utsouthwestern.edu/cellbio/
shay-wright/researsh/sw-lab-methods.htm. A and XA Hindlll DNAs were used as molecular
weight markers.

2.3. Statistical Analysis
Statistical analysis was performed by paired T student test using GraphPad Prims5.
3. Results and Discussion

Since previous studies in humans and wild animals suggested that telomere maintenance is not only
associated with late-life mortality and that telomere length may be a more informative biomarker for
mortality in young- and middle-aged individuals rather than in the oldest individuals of a species, it is
reasonable to surmise that telomere length variation may also correlate with longevity of beef cattle.
Thereby, we determined the telomere length in two Italian cattle breeds Chianina and Maremmana,
which are both characterized by high longevity and free range breeding. However, Maremmana had an
abrupt decline in the mid twentieth century due to preference for more industrialized breeds, from
which the population recovered by changing breeding policies.

Telomeres are heterogeneous in length for at least two reasons: at the single cell level, telomeres are
heterogeneous in size since their length results from the equilibrium between lengthening and
shortening events; at the tissue level, telomere length is variable because cells descend from stem cells
of different replicative history [22,23]. Telomere length may be accurately determined by using the
telomere restriction fragment (TRF) assay, which was proven to be one of the most powerful and
informative telomere length analysis methods because it allows for the measurement of a population of
telomeres for each individual and in different tissues [24]. Measurement of the entire population of
telomeres within a sample of cells is termed genome-wide telomere length [24] or global telomere
length [25] and offers information on telomere variability within individuals from one species
and eventually among different species [24]. Other useful information comes from plotting the fraction
of telomeres as a function of size (cumulative fraction), which allows determination of the
median telomere length as the length where half of the telomeres are longer and half are shorter than
that size. [21,26]. In this study, for each sample we determined the size of the longest and the shortest
telomere. Additionally, we determined the telomere fractional size distribution and the median length.
These analyses were performed in animals belonging to each breed. Additionally, to account for
possible telomere length variation due to regenerative capacity of adult tissues, we tested the following
tissues: liver, lung and spleen. Genomic DNAs isolated from each tissue was first checked for DNA
integrity by conventional agarose gel electrophoresis in order to exclude those preparations containing
fragmented DNA. Subsequently, each DNA was digested with a mixture of two 4 bp-cutting restriction
enzymes that cut out the terminal telomeric repeats (TRF) [16,27]. At first, TRFs were analyzed by
conventional gel electrophoresis but they migrated as compressed smeared bands ranging in size from
23-25 kb to 10 kb in almost all the samples analyzed. Even so, Maremmana TRFs appeared more
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variable in length than the corresponding Chianina TRFs. An example of this is reported in Figure 1
showing a comparative TRF analysis of lung tissues belonging to three different Chianina and
Maremmana animals.

Figure 1. Analysis of telomeres in lung samples from three different Chianina (CHN) and
Maremmana (MRM) animals. Genomic DNA was digested with a mixture of restriction
enzymes and separated by conventional agarose gel electrophoresis. The filter was
hybridized to the telomeric probe (C3TAz)s. M, A Hind 111 size marker (in kb).
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To analyze Chianinas and Maremmana telomeres at higher power resolution, we separated the
digested DNA by PFGE, which allows better sizing of DNA fragments in the region of interest.
Thereby, liver, spleen and lung DNA samples from different animals belonging to each breed were
separated by FIGE (Field Inversion Gel Electrophoresis) as described in the experimental section, and
hybridized to a telomeric probe. An example of these analyses is reported in Figure 2.

Figure 2. Telomere length in CHN and MRM samples. Genomic DNAs from liver (Li),
spleen (S) and lung (Lu) of two Chianinas (CHN 1 and 2) and two Maremmanas (MRM 1
and 2), were digested, separated by FIGE and hybridized to the telomeric probe (C3TA,)s.
M, A Hind 111 size marker (in kb).
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Telomere gels were run with all the samples and the resulting hybridization profiles were analyzed
by densitometry. First, by using the lane analysis option of Kodak ID software, we identified the
longest and the shortest telomeres as those fragments that were above the upper and lower
backgrounds, respectively (Figures 3A and 3B). Overall, it emerged that Chianina telomeres were
comprised of a narrow size range with respect to Marammana, and that the former were shorter than
the latter.

Figure 3. TRFs analysis by densitometry. A) right side: telomere gel with liver (Li), spleen
(S) and lung (Lu) samples from a Maremmana cow; left: densitometric analysis of the
resulting telomeric profile. Peaks at 23 kb, 9.4 kb and 6.5 kb represent molecular weight
markers; the numbers to the left refer to the multiple boxes used to scan the intensity of the
signal over the lanes. B) box plot representing the length of the shortest (filled square) and
the longest (empty square) telomeres of each sample analyzed.
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Subsequently, by using the TELORUN program, we plotted the fraction of telomeres as a function
of size in all samples from both breeds and the resulting data were analyzed all together according to
tissue and breed origin (Figure 4). From this analysis, it is evident that liver and lung telomeres have a
different size distribution in the two breeds as demonstrated by the fact that the corresponding curve
did not overlap (Figure 4A and C). In contrast, spleen samples from both breeds showed very similar
sizes, yielding two almost overlapping curves (Figure 4B). Overall, when Chianina and Maremmana
telomeres were analyzed all together, independently from the tissue of origin, two distinct fractional
curves were obtained (Figure 4D). Another parameter that contributes to describe telomere populations
is the median length, which was easily determined from the fractional curve of each sample. The
resulting data showed that the median length of telomeres in Chianina and Maremmana tissues were as
follows: (i) CHN liver 11.28 +0.062, MRM liver 12.90 £0.52, (P < 0.05); (ii) CHN lung 11.38 %+0.18,
MRM lung 12.16 £0.73; (iii) CHN spleen 10.68 % 0.52, MRM spleen 10.70 +0.47. Overall, the
median length of telomeres was significantly longer in Maremmana (12.05 £0.43; P < 0.05) than in
Chianina (11.0 +£0.19), although this difference was mainly due to telomere length variation in liver.
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Figure 4. The size distribution of telomeres in the indicated tissues was calculated and
expressed as a cumulative fraction versus size (see Experimental methods) the resulting
distribution curves in liver (A), lung (B) and spleen (C) from Chianina and Maremmana
cattle breeds by using Telorun program. In (D), distribution curves from liver, spleen and
lung were analyzed together.
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The length of the shortest telomeres is particularly informative since it defines the limit of telomere
length under which a telomere may lose its activity and thereby does not guarantee chromosome
stability. Overall, the shortest telomereswere 6.79 £ 0.15 kb in Chianina and 9.39 + 0.27 kb in
Maremmana (P < 0.001) (Figure 5). This results is in agreement with previously published data
showing that telomeres 6 kb in length are critically shorter in human and in birds [26,28], additionally
it demonstrates that Maremmana breed’s shortest telomeres are significantly longer than that from
Chianina. Also, the longest telomere length different significantly between these breeds: in Chianina
the maximal length observed was 23.37 +=0.59 kb, in Maremmana 29.54 = 1.1 kb (P < 0.001)
(Figure 5).
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Figure 5. Distribution of telomere length by Chianina (CHN) and Maremmana (MRM)
breeds. Measured (kb) includes the shortest telomere length A) and the longest telomere
length B).
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4. Conclusions

For the first time to our knowledge, we have shown that telomere length variation is related to cattle
breed and that Chianina and Maremmana differ in the lengths and distribution of their telomere size.
Telomere length in two (liver and lung) out of three tissues analyzed, as determined by TRFs and
analyzed by cumulative fraction, were longer in Maremmana than Chianina. Additionally, liver
telomeres were longer than those observed in spleen and lung in both breeds, suggesting that liver may
benefits from having longer telomeres since it allows a higher number of cell duplications without the
requirement of telomerase reactivation. In the future, it would be interesting to analyze the level of
telomerase activity in the same samples to study the relationship between telomere length and
telomerase activity in adult somatic cells from tissues with different proliferative capacity.

Since telomere length is an heterogeneous parameter and the average length may not sufficiently
describe the genome-wide telomere population, we have taken into consideration three values for the
analysis of variance: the size of the longest and the shortest telomeres and the median size of the
telomeres which represents the value at which half of the telomeres are longer and half are shorter. In
two out of the three tissues analyzed, Maremmana breed showed significantly longer telomeres than
Chianina. To explain this result, we hypothesize that telomere length reflects the different history of
these Italian breeds. In fact, Chianina has a long history and its size was maintained by the Breeders
Association without a necessity for crossbreeding, whereas Maremmana, underwent a dramatic
shrinkage in the number of heads in the recent past. Therefore, breeders have crossed Maremmana
with other breeds, like Charolais, and have relaxed the rules for the inclusion in the herd book.
Additionally, it has to be considered that Maremmana is a breed characterized by rusticity, longevity
and capacity to thrive in harsh environments, while Chianina has been actively selected in the last 50
years for meat traits and speed of growth. It is quite difficult at the moment to ascertain if the
differences are due to intrinsic characteristics of the breeds established before artificial selection or if
they should be attributed to a possible founder effect that by chance picked up a group of ancestors
with shorter telomeres. The last hypothesis may have less chance to be true because the within breed
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variability is of the same order of magnitude. Currently, high density SNP panels are been developed
for Bos Taurus and in the next future it will be possible to use genome association around the
telomerase genes and the genes involved in telomere length regulation to determine if there are
selection signatures [29]. Liver telomeres were the longest among the analyzed tissues when only
considering maximum length. However, for all length parameters, liver showed the higher variability
among tissues. Therefore, it cannot be ruled out by the data collected or by our experiments if the other
length parameters are higher in liver than in the other tissues.
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