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TELOMERES AND SEED BANKS

We have found that a progressive foss of relomeric
sequences occurs from high mofecufor weight DNA with an
increasing appearance ai lfow molecular weight as the periods
of storaze n the dry state were exiended in lime to provide
seed germination loss from 98 to 0 %. Telomere distribution
would appear to follow the general parern of DNA random
Sragmentarion that occurs in the embryos af seeds stored in the
dry srate, bur there are alse indications of an overall telomere
foss from DNA as a consequence of storage. There is a need
Jfor a convenient «quality markers for the seeds that can be
monitored over time. Reviewing the implications of our results
very carefilly we believe that there ix considerable potential in
the use of telomere sequences fo mark embryo ageing of seeds
held in Seed Banks.
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Introduction. The problem for Seed Banks is
how long can a seed be stored and retain its useful
viability? Not all species survive equally well and
stored life expectancy of any seed much depends
upon the environmental history it has experienced
before it enters the Bank.

So there has to be a known starting marker for
each lot to be stored and it has to be one that can
be monitored over time. The marker must inform
on the germination (vigour) of any new seeds col-
lected for bank storage. It must be one that either
increases or decreases as the seed ages and loses
viability. 1t must be one on which reliance can be
placed for determining the germination (vigour) of
that seed when taken from store,

The easiest and most reliable method is without
doubt the germination test, carried out under con-
trolled conditions. When 50 % of a sample of the
stored seed fails to germinate within a chosen peri-
od, the time has come to rear new seeds from those
plants still germinating from the stored lot.
Alternatively, a new lot must be obtained from the
wild. This is a far too time consuming and labour
intensive operation to be feasible for the thousands
of species that will be stored in the world banks of
plant genetic resources, so another, quicker, less
labour intensive, preferably automated, but equal-
ly reliable method has to be found.

There are already a few long standing candi-
dates used already to good effect in the seed testing
world. Loss of mitochondrial dehydrogenase
activity, increasing damage to membranes leading
to enhanced solute leakage on imbibition, the low-
ering of protein synthesis in the early hours of
water uptake. All can be used [1—3].

One feature is very clear from all the studies on
seeds. The integrity of nuclear DNA is critical to
fast and successful germination and where DNA
has become damaged before or during storage then
the ability of the embryo to repair that damage on
imbibition is critical to survival. These tests too are
time consuming, expensive and require consider-
able expertise for reliability.

Since the 1940's the ends of chromosomes have
been shown to perform a special function in main-
taining the linear structure of DNA [4] and it is
clear that loss of the DMNA sequences that make up
these chromosome ends is, in many examples,
associated with loss of DMA integrity and short-
ened life spans [5—8]. It is evident that maintain-
ing genomic integrity is essential to the wellbeing
of all cells and their performance, and so the role
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of the telomere in cell survival has become of inc-
reasing interest.

Although for the embryos of seeds, DNA repair
by an unscheduled DMNA synthesis was established
as early as 1981 [9], the question whether all the
DNA then synthesized was by an excision and
patch — repair was questioned [10—12]. Distinct
from repair synthesis and the onset of replicative
DNA synthesis in which nuclear DNA contents
proceed from 2C to 4C in the first cell cycle, start-
ing first in the cells of the root tip, there was evi-
dence of a third DNA synthesis of unknown type,
which appeared to be neither of repair nor replica-
tive origin.

It was Bucholc and Buchowicz [13] who first
questioned and investigated whether this third type
of DNA synthesis might be of the telomeric
repeats that guard the terminal ends of chromoso-
mal DNA. Following the methodologies of Ri-
chards and Ausubel [14] they probed the extracted
nuclear DNA of wheat embryos from fresh and
stored (12—14 months) seed with a synthetic oli-
gonucleotide sequence common to eukaryotic
(Arabidopsis) telomeric DNA. These samples, eit-
her before or after restriction enzyme cleavage
with Bam HI, were used for Southern dot blot
hybridizations with the *P labelled oligonu-
cleotide sequence 5'-CCCTAAACCCTAAA-J.
Despite the fact that both lots of wheat embryos
showed a 94 % germination, their results seem
compelling — the ex- DNA fractions from the 12—
24 month stored seeds were enriched with telom-
erg hybridizing sequences, whilst those of the
chromosomal DNA had become depleted.

The methods that Buchole and Buchowicz used
at this time required a considerable expenditure of
time and careful manipulation to achieve their re-
sults and are not amenable to a rapid assessment of
telomere distribution between high and low mole-
cular weight DNA fractions. However, the fact that
the differences between the fresh and stored seeds
were so evident, despite their similarity in percent-
age germination indicates that telomere monitor-
ing could provide the sought-for marker if the
assay could be speeded.

To this end, we have explored a modified strata-
gem to follow what appears to be the accumulation
of telomeric sequences in low molecular weight
DNA during the process of ageing in storage in the
embryos of rye, Secale cereale.
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Materials and Methods. Seed Material. Fresh
and stored seeds of different age harvests of rve,
Secale ceregle, held at the Oxford Research Unit
were used for these experiments. For natural age-
ing the seeds were stored at room temperature at c.
40 % mean relative humidity. One lot (the newest,
from the year 2000 harvest) gave 98 % germination
in 48 h at 24 °C (designated 98 % G). The second
lot, from the 1998 harvest was of lower viability
giving 78 % germination after 1.5 year storage and
32 % germination after 2.5 year storage, both in
48 h at 24 °C and are designated 78 % G and 32 % G
respectively. A third lot, from 1996, was complete-
ly non-viable and had been dead for at least a vear.
These seeds are described as NV. For accelerated
aged seeds, those of the 2000 harvest were sus-
pended in muslin bags over a saturated solution of
MNaCl in closed kilner jars maintained at 40 °C.
Incubation in these conditions for 7 days (TAA)
provided seeds that were mostly non-viable (8 %
germination) and all at least 59 days dead by 72
days (samples designated 72AA).

Whole embryos were hand dissected from these
seed samples before use.

DNA isolation from seed material. Three kits were
selected for the isolation of DNA from intact em-
bryos.

1. Bioline DNAce Clinipure Genomic Isolation
Kit, based on the binding of DNA to a matrix bin-
ding milk and its subsequent elution. No enzymic
treatments are involved in the kit. DNA precipitat-
ed with ethanol and washed with 70 % ethanal.

2. Promega Wizard™ Genomic DNA Purifica-
tion Kit, based on the lysis of cell nuclei, removal of
RMA and protein by RNase followed by high salt
and precipitation of the DNA with isopropanol
and the subsequent washing with 70 % ethanol.

3. Cruachem Annovis Phytosep DNA Magnetic
Isolation Kit, based on the binding of DNA to
paramagnetic matrix coated beads, the magnetic
attachment of the beads to the tube wall, washing
and release of the DNA from the beads by the elu-
tion buffer, the beads again immobilized to the
tube wall and the released DMNA in solution col-
lected, RMNased and the DNA precipitated with
ethanol.

Each of these methods provided DNA suitable
for subsequent Southern analysis.

DNA gquantification for equal DNA gel loading.
DNA was quantified by spectrophotometric analy-
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sis at 260 nm followed by image analysis of the
DNA run in ethidium bromide agarose gels and
appropriate concentration adjustments made for
equal DMNA applications in subsequent gels.
Alternatively fluorescent guantification of double
stranded DNA in solution using Pico Green™
(Molecular Probes Europe) and subsequent con-
centration adjustment to permit equal DNA load-
ing per gel lane was carried out.

DNA electrophoresis and membrane transfer. The
equal loading DNA samples were fractionated on
neutral 0.8 % agarose (Type |, Sigma-Aldrich)
mini-gels containing (.0005 % ethidium bromide
at 45> mA for 1.5 h. Then washed in 1O N HCI for
15 min to partially depurinise the DNA followed
by ca. 30 min in high pH denaturing buffer before
neutralizing to pH 8.5. DNA was capillary trans-
ferred to Hybond N {Amersham) membrane over-
night and under pressure. The blot was then air-
dried (1 h) and the DNA bound to the membrane
by 1 min. exposure to a UVC light source. Membra-
nes were then stored for use.

Telomere Probe Labelling. The telomer PTELC3
5'-(CCCTAAA),-3 probe was obtained from Sig-
ma-Genosys and used for all the hybridisations
[15]. Probe Labelling was with the Gene Images
3'-oligolabelling module kit (Amersham-Pharma-
cia) using fluoresceine-11-dUTP and 3'OH-ter-
minal transferase for 1.5 h.

Southern Hybridization. Membranes were pre-
hybridized in a rotating hybridizer at 52 °C in 50
ml 5xS8C buffer containing 0.1 % SDS and 0.5 %
dextransulphate (0.25 ml/em?) for 1 h. The fluo-
resceine labelled probe was then added (10 ng/ml)
and rotation continued overnight at 52 °C.
Membranes were then washed free of probe with
3%85C buffer + 0.1 % SDS then 2X858C + 0.1 %
SDS and finally 1<SSC + 0.1 % SDS at 55 °C.

Detection of fluorescein probe binding. For this, the
Gene Images CDP-5tar Detection Module (Amer-
sham Pharmacia) was used. Membranes were first
incubated in blocking agent inl00 mM pH 9.5
TrisHCI containing 300 mM (0.75 ml/cm?) NaCl
at room temperature for 1h. Solution was then
replaced by similar buffer containing the anti-flu-
orescein alkaline phosphatase conjugate in 0.5 %
BSA (0.3 ml/ecm?) membrane for 1 h at room tem-
perature. Membranes were washed (3 X 1{l min) in
TrisHCI containing NaCl and 0.3 % Tween 20 (2
ml/cm?) to remove excess conjugate and drained.
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Fig. 1. Presence of telomere sequ-
ences by Southern hybridization in
low molecular weight DNA of em-
bryos of dry stored seeds and the re-
distribution of sequence recognition
as an carly event of germination.
Bioline DMNA extraction; A quan-
tification; 3 pg DNA per lane. Lane
| — stored seed (1.5 years) 78 % G,
Lane 2 — same imbibed for 3 h

1

2 3 4 | A L
Fig. 2. DNA mobilities by neutral agarose pel fractionation
{1 to 3} and telomere distribution by Southern hybridiza-
tion (1" to ') for embryos of dry stored seeds, Bioline DNA
extraction; image analysis guantification X' pg DNA per
lane. Lanes | and 1" — high viability (98 % G); 2 and 2’ —
low viability (32 % G); 3 and 3' — non-viable (0 % G)

4.!

Damp membranes were enclosed in Saran wrap
and the fluorescein detection reagent (40 pl/em?)
was applied to the membrane surface. After 5 min.
during which the probe-bound phosphatase conju-
gate catalyses light production from the stabilized
dioxetane substrate, the membrane was drained
only, and exposed at once to Hyperfilm-MP film
in the kit exposure bag for different periods of time
for optimal quantification (2 h — 16 h).

Film development and telomere probe guantifica-
tion. Exposed films were developed using a GBX
Developer and Fixer Pack (Sigma-Aldrich) and
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Density, relativ wnits
{imege analysis A-A)
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{imege analysis B-B')

Fig. 3. Comparison of high and low molecular weight dis-
tribution of telomeres for dry stored and accelerated age-
ing. DNA mohbility by neutral gel fractionation (1 to 4),;
Southern hybridization (1' to 4). Promega DNA extrac-
tion; Asgw quantification; 12 pg DNA per lane. Lane | and
1' — high viability (98 % G). Lane 2 and 2'— low viability
(32 % ). Lane 3 and 3’ — non-viable (0 % G). Lane 4 and
4' — accelerated aged 72 days (0% G)

kL,
iy o it

ol S

il r

1 2 3 4 1
Fig. 4. Comparison of different DNA loadings for
Southern hybridizations of electrophoretically fractionated
DMNA. Magnetic DMNA extraction; Pico Green quantifica-
tion, lanes |—4 (8 pg DNA); lanes 1" to 4' (6 jig DNA).
Lane | and 1' — high viability (98 % G). Lane 2 and 2' —
low viability (32 % G). Lane 3 and 3’ — non-viable (0 %
G). Lane 4 and 4" — accelerated aged 7 days (8 % G)
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the intensity of probe-labelling assessed with the
UVP (UK) Image Analyser and Gelworks™ Advan-
ced Gel Analysis Software.

Results. The first objective of this investigation
was to determine if telomeres in the embryos of
ageing rye seed behaved in a similar way to those of
the ageing wheat seed as described by Buchole and
Buchowicz [13]. It was questioned if telomere se-
qguences present in both high and low molecular
weight DNA in a reduced viability stored rye sam-
ple (78 % G) would be found only in the high mo-
lecular weight DNA fraction after the start of ger-
mination. This would indicate that part of the very
early DMNA repair synthesis could include the res-
toration of telomere sequences to high molecular
weight chromosomal DNA.

Using the Bioline extraction kit and DNA qu-
antification at A260 it was demonstrated that for
the embryos of the stored seed (78 % G) a distribu-
tion of telomeres to both high and low molecular
weight DNA was present in the dry state with an
accumulation in the smallest DNA fragmenits, but
that after 3 h germination the hybridization profile
was restricted to telomeres only of the high molec-
ular weight DMNA (Fig. 1). As Bucholc and Bucho-
wicz had shown for wheat embryos, DNA-contain-
ing telomere sequences were cleaved during
storage, but were restored in rye embryos as part of
the rehabilitation of genomic integrity during DNA
repair in the first few hours of germination.

The question was then addressed as to how clo-
sely telomere sequences follow the concentrations
of fragmented DNA and how far overall telomere
binding changes with seed storage. In a compari-
son of equal loadings of a Bioline extracted DNA
and electrophoresis on neutral agarose gels Fig. 2
(lanes 1—3) the Southern hvbridizations probes
for telomeres on blots of these gels (lanes 1'—37)
show that the distribution of telomere sequences
essentially follows the distribution of DNA. Most
importantly, these gels show that at high molecular
weight, the 98 % G sample shows highest probe
binding, declining in the 32 % G to a low level of
binding in the 0 % G samples during seed storage.

In a Promega extraction experiment with a hig-
her DNA loading per lane than in Fig. 2 it can be
seen again from the guantification of the Southern
hybridizations (Fig. 3) that the greatest proportion
of telomeres remains with the DNA at high molec-
ular weight in the 98 % G embryos (lane 1") but
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with less than the 98 % G at this mobility after
storage to 32 % G or 0 % G (lanes 2’ and 3'). In ad-
dition, these higher DMNA loadings allow the visua-
lization of an increasing level of telomere sequences
present in the small DNA fragments particularly of
the 0 % G (lane 3'). The hybridizations of DNA
from seeds embryos of accelerated aged for 7 days
(after which some 8 % only can still germinate)
shows a remarkably high proportion of telomeres
linked to the DNA at high molecular weight (Fig.
3, lane 4'), but very little hybridization to the DNA
fragments — indicating the already known differ-
ence in the DNA degradation pattern between the
normal and accelerated progress of ageing [16].

Using a Magnetic DNA separation kit and quan-
tification by Pico Green, a comparison was made of
two different DNA loadings and the subsequent
Southern telomeric hybridizations (Fig. 4). Lanes
1to4 (8 pg DNA per lane) and 1' to 4' (6 pg DNA
per lane) show the progressive decrease in high
molecular weight DNA and telomere frequency as
the age of the dry stored embryos increases and the
percentage germination declines.

Also of interest here is the maintenance of high
molecular weight DNA (and telomere sequences)
in the & % germinating 7 day accelerated aged em-
bryos compared with the very low level of telomeres
present in the 72 day accelerated aged material
(Fig. 3, lanes 4 and 4°). Whereas the low molecular
weight telomere distribution inthe 32 % G and 0 %
G dry stored material is just visible (lanes 2 and 3,
2" and 3" no fragment hybridization is detectable
in these 7 day accelerated aged samples (lanes 4
and 4').

Length of exposure of the hybridized membrane
to the Hyperfilm is important for maximizing in-
formation as seen from the comparisons of 4 h and
12 h in Fig. 5. With the Magnetic kit, and quantifi-
cation by Az, equal DNA loadings were run of the
08 %G, 32% G, 0% Gand 7 day (8 % G) acceler-
ated aged seed embryos. In order to optimally visu-
alize the low level of telomere hybridization, a 12 h
exposure time is required (lanes 1" 2' 3' and 4') but
this then overexposes the high molecular weight
DMNA. Quantification of the latter becomes possible
only when the exposure time is reduced to 4 h.

An example of how maximum information can
be achieved from telomere probe recognition is
provided in Fig. 6. Here, different loadings of DNA
were used per lane (1 to 4 9 pg; 1'to 4' 6 pg). By
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1 2 3 4 ) S I .
Fig. 5. Comparison of membrane exposure times to Hy-
perfilm. Lanes | to 4 {4 h); lanes 1" o 4" (12 h). Magnetic
DMNA extraction; Asg and Pico Green quantification; 8 pg
DMA per lane. Lane 1 and 1" — high viability (98 % G).
Lane 2 and 2' — low viability (32 % G). Lane 3 and 3’ —
non-viable (0 % G). Lane 4 and 4' — accelerated aged 7

days {8 % G)
$ovs cpe-

13l 4 1 ghigt gt
oy e W L —_——
Density, relative units
: Sy
(magcanabyesAA) g 200415 1212 6 9
Density, relative units| & * " |
i analysis B-B
i i SR g 5

Fig. 6. Optimization by image analysis of high (A—A'") and
low molecular weight (B—B") quantification of telomere
binding in Southern hybridizations of electrophoretically
fractionated DNA. Magnetic DNA extraction; Az and
Pico Green quantification; lanes | to4 9 pg DNA; lanes |
tod" 6 pg DMNA. Lane | and 1' — high viability (98 % G).
Lane 2 and 2' — low viability (32 % G). Lane 3 and 3’ —
non-viable {0 % G). Lane 4 and 4' — accelerated aged 7
days (8 % G)

adjusting the light exposure to the developed film
in the image analyser, both high and low molecu-
lar weight probe binding can be measured inde-
pendently and compared for the two levels of DNA
loading.

Very clearly it can be seen that the extent of high
molecular weight binding decreases with time of
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dry seed storage and loss of viability, whilst the ap-
pearance of low molecular weight fragment bin-
ding rises from zero. In those seed embryos that are
losing viability as the result of accelerated ageing
however (8 % G) there is little accumulation of a
low molecular telomere distribution indicating
that the pathway to cell death is not identical to
that of the dry stored material.

Discussion. The results of Bucholc and Bucho-
wicz [13] in showing loss of telomeres from chro-
mosomal DNA and the accumulation in low mo-
lecular ex-chromosomal fragments in stored wheat
was confirmed for the ageing embryos of stored rye
[17].

So also is the disappearance of the small telom-
eric DMNA early in germination and restoration of
the chromosomal telomeric DNA at high molecu-
lar weight.

Using three convenient DMNA extraction kits it
was found that a progressive loss of telomeric se-
quences occurs from high molecular weight DNA
with an increasing appearance at low molecular
weight as the periods of storage in the dry state were
extended in time to provide 98, 32 and 0 % seed ger-
mination loss. Telomere distribution would appear
1o follow the general pattern of DMNA random frag-
mentation that occurs in the embryos of seeds
stored in the dry state but there are also indications
of an overall telomere loss from DNA as a conse-
quence of storage (Fig. 2).

Reviewing the implications of our results very
carefully we believe that there is considerable po-
tential in the use of telomere sequences to mark
embryo ageing of seeds held in Seed Banks.

Firstly, the telomere sequence itself is common
to almost all seeds so could be a standard probe in
all but a few species [ 18—20].

Secondly, it would appear that even if the telom-
ere sequences do not show a high preferential loss
in stored seeds of every species, loss will follow the
pattern of the overall random DNA fragmentation
that is common to all seeds held dry that have so
far been examined [13, 17].

Thirdly, given good seed and good extraction kit
procedures, no hybridization at low molecular
weight should be found in freshly banked seed - in
fact, that seed should probably not be accepted at
all for banking.

Fourthly, the probe will recognize not only ter-
minal telomeres but also interstitial sequences, 5o
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affording the maximal recognition for any sized
fragments of genomic DNA.

Fifthly, if a density centrifugation step were
included to follow upon DNA isolation (instead of
electrophoretic fractionation in gels) high and low
molecular weight fractions would become available
in solution, then a dot-blot hybridization of these
fractions could give an alternative means of obtai-
ning the ratio of distribution of telomeres to each.
If time had permitted with the experiments with
ageing rye, we would have been able to fit such
telomere ratios to the percentage germination val-
ues of each stored seed lot as we have done for gel
fractionations and to guantify with accuracy the
extent of telomere sequence loss per unit DNA
with storage ageing.

We are quite certain, that given further improve-
ments, telomere values would provide satisfactory
markers for alerting when the need had come to
restock any banked seed lot that was reaching an
unacceptable loss of viability.

PEINOME. Hamu nokasaHo, YTo NpH NpoaoisHTe b-
HOM XPpAdHEHHH CEMAH, BD BPEMA KOTOPOIo MHIHECNO-
CcoBHOCTD ceMaH cHuxaeTes ot 98 no 0 %, npoMcxoaut
NPOrPECCHBHAR NOTEPH TENOMEPHEX MOCISI0BEATENRHOC-
Tel W3 puicokoMonexynapHol JHK # ux HakonneHue 8
HHIKOMONeKYNApHOR dipakumK. PacnpenreneHme Tenomep
no JHK B uenos cooTReTCTBYET CTAHNAPTHLIM npodik-
nam perpanaunn JHK y ceman, xpaHsammxca B cyxomM BH-
ne; NpH 3ToM Take HabmoaaeTea obllas noTeps Teno-
mep #u3 [HK kak cnencrede Takoro xpaHeHws.
CyuecTsyeT HeoDxonmMmocT: B noabope Noaxodaulero
MaApKEpa «KaucCTEa CEMAHR, KT.'ITDPI:.]FI MOMHO NErKo OTc=
JEEMBATE B TCUCHHE XPAHCHMA. .-"i.HEI.rIHJHp}‘H BO3MOE~
HOCTh NPAMEHEHHA HALWKMX PC3VILTATOR, Mbl yOEKIEHE,
YTO eCTh IHAYHTENLHEIH NOTEHLHAL ANA HCMNONBIOBAHHA
TENOMEPHBX NOCAEN0BATENBHOCTEA KAK MAapKepa CTape-
HMS CEMAH, XpaHALmMxCcA B Bankax cemMaH.

PEIMOME, HaMH BCTAHOBACHO, WO NPH TPHBEANOMY
IDEPIrAHHI HACIHHA, NIl Yac AKOrD XHTTEAATHICTD HOTo
aMeHlyeTheA 2 98 no 0 %, pinbyRacThca NporpecHBHa
BTpaTa TEAOMEPHHX MOCALIOBHOCTE i3 BHCOKOMONEKY-
napHol JHK Ta ix HaKOTMHYEHHA B HHILKOMONEKYNApHI i
ihpakuii. Posnonin tenomep no JAHK B uinomy sbiraeteca
3i crannapTHumy npodinamu aerpananii JHK y wacinus,
wo 3I0epPIrAETECH B CYXOMY BHINANI; NMPH UBOMY HK
HACNIOOK TAKOTO 30CpiraHHA CNocTePiracThCA TAKO® 3a-
ransHa Brparta Tenomep i3 THK. IcHyve HeobxinHicTs B 10~
DupanHi IPYYHOro Mapkepa «AKOCTI HaciHHfAs, AKHE
MOMHE JETKO KOHTPOMIOBATH M0 4ac 30EpPITAHHA.
AHATIZVIOUH MOBTHBICTE BHKOPHCTAHHA HAWMY Pe3yih-
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TATIR, MH BICEHHIMCE, 110 ICHYE IHAYHHA NMOTEHLIAN LA
BHKOPHCTAHHA TEMTOMEPHHX NOCALIOBHOCTER AK MapKepa
CTApiHHA HaciHuA, 1o 30epiracTea B bankax HaciHHa.
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