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We revealed four statistically significant correlations related to inter-simple-sequence repeat (ISSR)
patterns: (1) between thermodynamic free energy AG° of ISSR primer sequence and PCR
reamplification intensity (dA), (2) between free energy AG° of ISSR primer sequence and PIC
coefficient quantifying the polymorphism of ISSR patterns, (3) and (4) between free energy AG° of
anchor sequence of primer and the number of total, and polymorphic bands in ISSR patterns,
respectively. Methodological recommendations for effective ISSR primer design were inferred based
on revealed correlations. In particular, free energy of ISSR primer sequence is recommended to be
AG° > 160 kJ/mol of interaction and free energy of flanking anchor sequence in primer to be around
AG° = 28 kJ/mol of interaction to produce ISSR patterns displaying maximum polymorphism of flax
germplasm.
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INTRODUCTION DNA samples were extracted from the roots of three-days old
. ) seedlings germinated on moisten filter paper in the dark box following
Inter-simple-sequence-repeat (ISSR) PCR is a fast and cheagne modified DNA extraction protocol6j. Two independent DNA
approach to identification of unknown, yet nonsequenced samples were analyzed per each plant accession to identify and remove
genome and is widely used for ecological, population, or irreproducible bands before each ISSR pattern was transformed into
phylogenetic studiesl{-3), as well as in crop varietal authen- standardized digital form (1/0 presence/absence classification) repre-
tication (4). sentative for each accession. For purposes of this analysis, reproducible

Oligonucleotide primers used in ISSR-PCR are usually band was defined as a band invariantly present or absent in both

designed by random playing with sequences of microsatellite repetitions of gel pattern. Only reproducible bands were then taken

. . L into representativ ttern of an ion. An nd present in onl
core motifs. There is only one respected rule, which is the 0 representafive patiern of an accessio y band prese ony

. . - . , . one of the two repetitions was considered as an instable product of
adjunction of flanking anchor to either the & 3' end, which random amplification. Even if a band was found instable only in one

increases the marker informativeness and improves the qualityaccession, it was sufficient reason for its elimination also from
of resulting ISSR patterns (5) required for effective computer- standardized digital patterns of all other accessions. Finally, each plant

assisted interpretation. accession was represented by one standardized digital band pattern made
Here we report about revealed statistically significant cor- up only from stable bands. N
relations between the thermodynamic parameter free endegy ISSR-PCR AnalysesWe recently accommodated original protocol

of ISSR primer sequence and parameters of gel ISSR patterng’f ISSR—PCR (7—9) modified by insertion of reamplification step
related to band polymorphism. These correlations enabled the('SSR-PCR). The second round PCR was performed using aliquots

. . . . of the reaction product from the first round as a template. PCR reaction
formulation of new recommendations for more effective design mixture (254L volume) contained 2&L of 10x PCR buffer, 4 mM

of ISSR primers used in flax.{num usitatissimurir.) genome MgCl,, 2.5 mM dNTP mix, 0.2«M primer, 20 ng of template DNA

identification and varietal authentication. (or 1 uL reaction mixture from the first round) and 1 U TaKaRa
polymerase (TaKaRa Shuzo, Japan). PCR thermocycling was carried
MATERIAL AND METHODS out on a Perkin-Elmer 480 thermal cycler using the following profile:
. ) 1 cycle of 94°C for 3 min followed by 35 cycles of 94C for 60 s,
Plant Material and DNA Samples. Four model flax cultivars (cv.  annealing temperature in the first round and second reamplifying round
Venika, cv. Wiko, cv. Biltstar, and cv. Ariane) were obtained from the  of ISSR-PCR 55C, and 60°C, respectively, finished by 1 cycle of 72
collection of AGRITEC Research, Breeding, Services Ltdm@erk,  °C for 3 min. The set of 21 anchored primers were used in rISSR-PCR
Czech Republic, and from the collection of Sempra Prague, Breeding reactions (Table 1).
Station Slapy u Tabora, Czech Republic. Amplification products were analyzed in 1.5% agarose TAE

buffer) with ethidium bromide visualizatior8(9). DNA ladder 100

* To whom correspondence should be addressed. Teli20 38 777 bp (New England BioLabs, Beverly, MA) was used as DNA size
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Table 1. ISSR Primers Targeting Regions of Microsatellite Spacers
in Flax?

no. name sequence min AG® med AG® max AG® Tm
1 3PCT4 5'-VRV [CT]g 70.29 79.08 93.72 363
2 3PCT5 5'-VRV [TG]s 71.55 81.17 88.70 36.3
3 3PCT6 5'-VSS [GATA]s 14435  153.97 158.16 45.9
4 PCT6 5'-[GATAJs 112.97° 49.9
5 3PCTIS  5'-YHY [GAJs 69.87 75.31 93.72 350
6 3PCTanS 5'-SSS[GAJs 91.63 93.72 95.81 395
7 3PCTanW 5-WWW [GAJs 66.94 71.96 76.57 313
8 PCTlan3W 5'-[GAl;s WWT 189.54  193.72 197.07 554
9 PCT1an3S 5'-[GA]is SSG 204.6 207.94  210.04 591
10 PCT2an3W 5'-[CT];s WWT 187.02  195.39 197.07 554
11 PCT2an3S 5'-[CT]is SSG 20585 20920 21129 59.1
12 PCTlnoan 5'-[GAis 194,140 55.4
13 PCT2noan 5'-[CT]is 194.14P 55.4
14 PCTAT 5 =Ny [ATlo 102.09 122.59 174.05 38.0
15 PCTAA 5'—N7[Alo 156.48 176.98 22845 38.0
16 TETRAL  5'-KKBNVS S[ATCT]s 159.41  179.07 210.04 499
17 TETRA2  5'-KKBNVS S [GGCT]s 264.43  284.93 31589 65.8
18 TETRA3  5-KKBNVSS[CTTT]s 197.90 216.31 24727 499
19 TETRA4  5'-KKBNVS S [GACAJs 18284 201.25 23221 578
20 TETRA5  5'-KKBNVS S [CTAT]s 162.76  181.17 21213 499
21 HEPTA1  5-KKBNVSS[CCCTAAA], 25439 27280 30376 575

2 |SSR primer sequences are presented as sequence signatures, which specify
sequence degeneration on a nucleotide position. Therefore each synthesized ISSR
primer is actually a mixture of individual oligonucleotide sequences. Then, min
AG® (kJ/mol of interaction) stands for the lowest value of the free energy AG® in
the series of AG°s of individual oligonucleotide sequences defined by primer
sequence signature with degeneration. med AG® (kJ/mol of interaction) stands for
the statistical median value of the free energy AG® in the series of AG°s of
oligonucleotide sequences defined by primer sequence signature with degeneration.
max AG® (kJ/mol of interaction) stands for the highest value of the free energy
AG° in the series of AG®s of oligonucleotide sequences defined by primer sequence
signature with degeneration. Tm (°C) stands for the average melting temperature
of the mixture of ISSR primer oligonucleotides defined by one sequence signature.
b Indicates the presence of only single G° value of ISSR primer when there is no
degeneration in sequence signature. There is only a single oligonucleotide
synthesized as an ISSR primer instead of a mixture.

ISSR patterns on gels were electronically documented in TIFF format
on UVP GDS 5000 system (UVP Ltd., Cambridge, England) using
312 nm UV transilluminator. Detection system was optimized to
maximum sensitivity.

Statistical Parameters.The parameter “polymorphism information
content” (PIC) was calculated according to Botstein etldl) @s: PI¢
=n(1— YP%)/(n — 1) wheren is the sample size, ari®} the frequency
of the i-th pattern revealed by the ISSR primesummed across all
patterns revealed by the primjer

To quantify the degree of reamplification achieved by individual
primers in reamplification—rISSR-PCR protocol, the semiquantitative
parameters were further defined from electronic TIFF image of each
ISSR pattern. First, the relative amplification intensit)(was
calculated asAy = (1 — Ly/Lp). 100 [%], wherely, is the total lightness
of pixels integrated per area of rectan@e(arbitrary units from the
interval [0;255))] Syis the rectangular area delineated in TIFF image

so that it sampled the background lightness of ISSR pattern, this area

did not cover any ISSR bant; is the total lightness of pixels integrated
per area of rectangl®, (arbitrary units from the interval;255]]j and
S is the minimized rectangular area just covering all bands of an ISSR
pattern. AlwaysS, = S, for correct calculations ofy.

ISSR-PCR reaction mixtures from both first and second PCR round
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Statistical analysis was calculated using Statistica ver. 6.0 software
package (Statsoft, Tulsa, OK).

RESULTS AND DISCUSSION

ISSR-PCR Analysis.Sequence composition of ISSR primers
is known to be an essential factor that influences resulting quality
of ISSR fingerprinting patterni), but no detailed rules were
derived except the effective insertion of anchors on either the
5" or 3" end of a primer §).

We wanted to reveal other possible rules, if they exist, which
would reduce the arbitrariness of ISSR primer design. Therefore,
we inspected various theoretically meaningful correlations, and
especially those correlations between thermodynamic stability
AG® of sequence of ISSR primer and parameters quantifying
polymorphism of ISSR pattern produced by these primers.
Below are discussed only those correlations, which were proven
to be statistically significant (12).

We screened a set of 21 ISSR primers for their capacity to
produce polymorphisms in flax ISSR patterns. Altogether 213
individual gel bands were generated, from which 43 bands
(20.2%) were polymorphic on the genetic background of four
flax accessions. These data represented 10.1 bands produced
per primer with two polymorphic bands per primer in average.
These data were further searched for statistically significant
correlations.

Statistical Correlations. Study of thermodynamic nearest-
neighbor base interactions in DNA sequence revealed that the
base sequence and not the base composition alone determines
oligonucleotide stability. The thermodynamic library was pub-
lished based on the nearest-neighbor base interactit8)s (
These data were proven to be valid for any DNA sequence and
thus enabled predictive theoretical calculations of an oligomere
stability and temperature-dependent behavior, including their
behavior during PCR thermocycling. The calculations arranged
to thermodynamic library were shown to be in excellent
agreement with corresponding values determined experimentally
(13). Therefore, we used this library also for calculations in
this study.

Using the thermodynamic library, we calculated relative
thermodynamic stability (free energyG®) from the sequence
of each of 21 ISSR primers used in this study and tested
meaningful correlations (Table 1).

Beginning with the basic statistics, we calculated the mean
free energy (AG°) of the set of all 21 ISSR primers averaged
per a primer asAG® = 167.19 kJ/mol of interaction with
minimum of AG® = 73.06 kJ/mol (primer 3PCTanW,able
1), and maximumAG°® = 286.75 kJ/mol of interaction (primer
TETRAZ2, Table 1), with the coefficient of variation (CMc))
= 36.78%.

Correlation Between Free Energy AG® of Primer and
PCR Ai. We revealed prominent impact of the inclusion of PCR
reamplification step on the final quality of ISSR-PCR patterns
depending on a particular primer used for amplification (data
not shown). Therefore, we expanded basic ISSR-PCR protocol
for the second reamplification PCR round to fully exploit the

were separated always on the same gel. Also computer measuremengnarker potential of the ISSR-PCR method. By inspecting gel

of lightnessLy, andL, of corresponding ISSR pattern was performed
always on one TIFF image. Lightness of pixels, (L) integrated per
rectangular ared,, andS, was measured using UVP Gel Documentation
System software (UVP Life Sciences, Cambridge, UK).

The reamplification intensity on patterns of rISSR-PCR was defined
as the differencelA of A taken from gel pattern of the second PCR
round with annealing temperature 860 (Aisg) and A taken from gel
pattern of the first PCR round with annealing temperaturé®fiss):
dA = Ago — Aiss.

patterns from this reamplification protocol (rISSR-PERjures
1 and 2), we revealed a statistically significant correlation
between free energy of ISSR priméG°) anddA (Figure 3).

The described correlation shows that within the range of lower
AG® values, the increase of free energyG° caused by
individual base changes in primer sequence brings about the
desirable increase of PCR amplification intengityHigher A
implicates higher detection sensitivity for displaying more
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Figure 1. ISSR pattern (agarose gel with ethidium bromide staining) using
the primer 3PCTanW. (5'-WWW [GA]s) having the lowest value of free
energy AG° among all primers tested. Only a minor impact of reampli-
fication on the difference of PCR amplification intensity (dA;) is demon-
strated (1st run in lines 1-4 in comparison to 2nd reamplification run in
lines 5-8). 1, Venika (1st round); 2, Wiko (1st round); 3, Biltstar (1st
round); 4, Ariane (1st round); 5, Venika (2nd round); 6, Wiko (2nd round);
7, Biltstar (2nd round); 8, Ariane (2nd round).
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Figure 2. ISSR pattern (agarose gel with ethidium bromide staining) using
the primer TETRA2. (5'-KKB NVS S [GGCT]s) having the highest value
of free energy AG°® among all primers tested. Pronounced impact of
reamplification on the difference of PCR amplification intensity (dA) as
well as the appearance of new bands during the 2nd reamplification run
are demonstrated (1st run in lines 1—4 in comparison to 2nd reamplification
run in lines 5-8). 1, Venika (1st round); 2, Wiko (1st round); 3, Biltstar
(1st round); 4, Ariane (1st round); 5, Venika (2nd round); 6, Wiko (2nd
round); 7, Biltstar (2nd round); 8, Ariane (2nd round).

pattern polymorphisms. This correlation weaken&@t > 160
kJ/mol, which indicates thatG° functions as a limiting factor

Wiesner and Wiesnerova
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Figure 3. Positive correlation (Pearson r = 0.865, statistically significant
at p = 0.019) between averaged free energy of ISSR primer (AG®) and
increase of PCR amplification intensity after reamplification (dA;) up to
the threshold of AG°® = 160 kJ/mol of interaction was revealed. This
correlation may be approximated by equation log(dA; + 10) = 0.011AG®
+ 0.246. Confidence bands constructed at 95% confidential interval.
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Figure 4. Weaker positive correlation (Pearson r = 0.253, statistically
significant at p = 0.364) was revealed between averaged free energy
(AG®) of ISSR primer and the PIC (polymorphic information content)
parameter. This correlation may be approximated by the linear equation
PIC = 7 x 107*AG° + 0.576. Confidence bands constructed at 95%

of A atits low values during reamplification PCR protocol. On ~ confidential interval.

the basis of this correlation, we can formulate the following
recommendation for ISSR primer design: free energy of ISSR

primer should beAG® >160 kJ/mol of interaction for efficient

production of pattern polymorphism in flax by reamplification

PCR protocol.
Correlation Between Free EnergyAG® of Primer and PIC

Coefficient. Further, we found correlation between free energy

AG® of ISSR primer and PIC coefficient~{gure 4). ISSR

primers producing only monomorphic ISSR patterns giving no

Table 2. Triple-Base Anchors of ISSR Primers?

no. sequence of anchor med AG® avg AG®
1 5'-VRV 20.92 18.32
2 5'-VSS 28.03 24.52
3 5'-YHY 14.64 15.35
4 5'-SSS 28.03 26.99
5 5-WWwW 12.55 12.97
6 WWT-3' 14.22 13.60
7 SSG-3' 28.03 27.53

amed AG® (kJ/mol of interaction) stands for the statistical median value of the

marker value (PIC=0) were treated as statistical outliers in free energy AG® in the series of AG®s of oligonuclectide sequences defined by

correlation analysis (12) and were removed from data set.

Polymorphic information content (PIC) is frequently used
parameter of ISSR pattern, which effectively characterizes

anchor sequence signature with degeneration. avg AG® (kJ/mol of interaction)
stands for the averaged value of the free energy AG® in the series of AG®s of
oligonucleotide sequences defined by anchor sequence signature with degeneration.

The codes for degenerated oligonucleotides are as follows: R = AG; Y = C,T;

overall polymorphism (i.e., marker-information content of s—Ggc w=AT:v=GAC H=ATC.

pattern generated by particular ISSR primekd)( Revealed

weaker correlation indicates the tendency of those primers of to this correlation, the recommendation to design ISSR primers
higher free energyAG° to generate ISSR patterns of higher of higher AG°® up to AG° = 300 kJ/mol is supported if
polymorphism (i.e., patterns with higher PIC values). According maximum polymorphism on ISSR pattern is targeted.
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Figure 5. Positive correlation (Pearson r = 0.709, statistically significant
at p = 0.075) between averaged free energy (AG®) of triple-base flanking
anchor sequences of ISSR primers and total number of bands produced
by all ISSR primers harboring the same anchor averaged per a primer
(TB,). The correlation may be approximated by the linear equation TB,
= 0.321AG* - 0.450. Confidence bands constructed at 95% confidential
interval. Remaining two longer anchors (N7 and KKB NVS S) were treated
as outliers in this functional analysis.
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Figure 6. Positive correlation (Pearson r = 0.721, statistically significant
at p = 0.067) between averaged free energy (AG®) of triple-base flanking
anchors of ISSR primer sequences and the number of polymorphic bands
produced by all ISSR primers harboring the same anchor averaged per
a primer (PB,). The correlation may be approximated by the linear equation
PB, = 0.188AG° — 2.598. Confidence bands constructed at 95%
confidential interval. The remaining two longer anchors (N7 and KKB NVS
S) were treated as outliers in this functional analysis.

Correlation Between Free EnergyAG® of Anchor and the

Number of Total and Polymorphic Bands in ISSR Patterns.

Oligonucleotide anchor inserted on either tHeob 3' end of

ISSR primer strongly influences the quality of resulting ISSR
pattern (5). Therefore, we calculated free eneAgy® for each

of seven triple-base anchor sequences inserted in flanking
positions into ISSR primers (Table 2). In agreement with
referred importance of anchors, we found two statistically
significant correlations between free enery$° of an anchor
sequence and the number of total and polymorphic bands in

ISSR patterns (Figures &nd6, respectively).

Both correlations demonstrated the tendency that the higher
AG° of an anchor of ISSR primer the better is its “anchoring”
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resulting pattern. Both these correlations bring about such
recommendation for effective primer design, that the sequences
of anchors flanking ISSR primer sequences should be designed
with higher AG® values (aroundAG° =28 kJ/mol) to get
maximum polymorphism from flax ISSR pattern.

Conclusion.We can summarize that from the four described
statistically significant correlations, the recommendation may
be deduced that final free energyG® of the sequence of
designed ISSR primer should be keptAs° >160 kJ/mol of
interaction for successful application of reamplification PCR
protocol (rISSR-PCR), and the free energy of anchor sequence
should nearAG® = 28 kJ/mol to produce ISSR patterns with
maximum polymorphism of flax germplasm. To comply with
these criteria, the primer TETRA2 was best positioned among
the set of 21 primers tested here on flax model germplasm.
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