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ABSTRACT

Sequences of the internal transcribed
spacers (ITS) of the nuclear ribosomal DNA
are important molecular markers in phylo-
genetic analyses. To obtain sequences from
herbarium material in which DNA often is
severely degraded, the ITS region has to be
amplified in two steps. Two methods that re-
duce bench time and reagents used are de-
scribed. (i) Separately amplified prepara-
tions of subunits ITS-1 and ITS-2 are
combined before purification. The presence
of two fragments in the sequencing reaction
does not impair the quality of sequences.
(ii) Newly designed internal primers ampli-
fy partly overlapping regions of the two sub-
units. A combination of these internal
primers with the external primers in one
PCR allows the amplification of the entire
ITS region even when degraded DNAs are
used. This recombinant PCR approach, tak-
ing into account the +A bases added by sev-
eral Taq DNA polymerases, will also be
useful with other marker regions used in
molecular phylogenetics.

INTRODUCTION

The advent of DNA-based markers
in phylogenetic reconstruction provid-
ed researchers with a broad range of
tools to study biological diversity and
evolution from the population level up
to the comparison of families and even
kingdoms (16). In particular, the use of
PCR allows the analysis of minute
amounts of DNA (24) and thus opens
the collections in museums to investi-
gation (14,19). The success of amplifi-
cation and analysis mostly depends on
the preservation of the DNA and on the
purification of the DNA extracted (6).

Slow drying of biological material or
storage under unfavorable conditions
often results in severely degraded DNA
(5,10), which precludes the amplifica-
tion of fragments longer than about
150–400 bp. Although good preserva-
tion methods are available for newly
collected material (1,7,11,22), the
analysis of older samples often is possi-
ble only through stepwise amplification
and the sequencing of short, overlap-
ping fragments of the desired DNA re-
gion, sometimes a time-consuming and
laborious task. 

Various methods have described
how to circumvent problems arising
from fragmented DNA by introducing a
repair step before PCR amplification
(5,21) or during the first rounds of am-
plification of the desired region (5).
This often is the only way to obtain se-
quence information when DNA is old
and highly fragmented (e.g., fossil
DNA). In cases in which the amplifica-
tion of DNA stretches of approximate-
ly 300 bp length is possible (as in well
preserved herbarium material), a modi-
fied PCR protocol can spare the addi-
tional repair steps mentioned above
(5,21). These modifications are sum-
marized in the following sections with
examples from the internal transcribed
spacers (ITS) region of plants.

The nuclear ribosomal DNA
(nrDNA) (Figure 1) consists of three
coding subunits (18S-, 5.8S- and 26S-
subunits in plants) that are separated by
ITS-1 and ITS-2. The tandemly repeat-
ed rDNA occurs in high copy number
in the genome. The two spacers are part
of the transcriptional unit, but are not
included in the final ribosomal RNA.
They appear to serve in maturation of
the primary transcripts by bringing the
subunit boundaries closer, thus allow-
ing the three subunits to be processed
(18). Accordingly, core parts of the
spacer sequences, which are essential
for obtaining the secondary structure,
are evolutionarily conserved within
green plants (9,13,15). 

Other parts of the two spacers show
considerable variation in nucleotide
comparisons among species. This fact,
together with features such as con-
served flanking regions that allow the
construction of universal primers (23),
rapid concerted evolution, promoting
intragenomic uniformity of the copies

and a sequence length of approximate-
ly 700 bp (suitable for PCR amplifica-
tion of the entire ITS region, including
5.8S rDNA), makes the ITS one of the
most attractive nuclear markers for
phylogenetic analyses at lower system-
atic ranks (2,3).

Even though the amplification of the
entire ITS region from fresh or well-
preserved plant material is generally
easy, severely degraded DNA necessi-
tates two separate amplification reac-
tions to cover the region. Therefore, in-
ternal primers that anneal in the
conserved 5.8S rDNA between the two
spacers are used. Combining each of
the external primers with the internal
primer of the complementary strand
amplifies two subunits, each approxi-
mately 350 bp in length. This proce-
dure normally results in excellent se-
quences, but doubles the amount of
bench time and reagents needed be-
cause ITS-1 and ITS-2 must be pro-
cessed and sequenced separately. Two
approaches that reduce sample han-
dling are described. A first test showed
that the combination of separately am-
plified ITS-1 and ITS-2 fragments for
purification and sequencing did not im-
pair results. In a second approach, a re-
combinant PCR method (17) describes
how to obtain full-length sequences of
the entire ITS region in one step, using
newly developed internal primers.

MATERIALS AND METHODS

Genomic DNA was extracted from
up to 50 mg dried leaves with the
DNeasy Plant Kit (Qiagen, Düren,
Germany) after slightly modifying the
manufacturer’s instructions, as de-
scribed by Blattner and Kadereit (4).
The methods described here were de-
veloped and tested using species from
various angiosperm families such as
Euphorbiaceae, Lamiaceae, Papaver-
aceae, Poaceae and Malvaceae.

The ITS region usually was PCR
amplified using the two primers ITS-A
and ITS-B (Table 1), in 50 µL reaction
volume. PCR conditions were carried
out in a GeneAmp PCR System 9700
Thermal Cycler (PE Biosystems, Foster
City, CA, USA) as follows. An initial
denaturation at 95°C for 2 min was fol-
lowed by 30 cycles of annealing at
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Primer Sequence

ITS-A 5′-GGAAGGAGAAGTCGTAACAAGG-3′

ITS-B 5′-CTTTTCCTCCGCTTATTGATATG-3′

ITS-C 5′-GCAATTCACACCAAGTATCGC-3′

ITS-D 5′-CTCTCGGCAACGGATATCTCG-3′

ITS-E 5′-CGGCAACGGATATCTCGGCTC-3′

Table 1. Sequences of the PCR Primer Mentioned in the Text

Figure 1. Schematic representation of a nrDNA  repeat unit (top) and self-annealing of overlapping
parts of separately amplified ITS subunits (below). IGS depicts the intergenic spacer separating the
rDNA repeats. Primer positions are given with A, B, C, D and E; protruding +A bases, attached by Taq
DNA polymerases to the 3′ end of the strand, are marked by “a”. The priming sites (boxed) of the internal
primers C, D and E are shown in more detail. | represents the possibility of basepairing at the end of the
amplicons, whereas mispriming is represented by “-”.



55°C for 30 s, extension at 70°C for 1
min and denaturation at 95°C for 20 s,
with a final extension at 70°C for 7
min. Amplification was carried out
with 1 U Taq DNA Polymerase (Roche
Molecular Biochemical, Mannheim,
Germany) in the supplied reaction
buffer, 0.2 mM of each dNTP, 50 pmol
of each primer and 10–25 ng of total
DNA. After amplification, the PCR
products were cleaned with the QI-
Aquick PCR Purification Kit (Qia-
gen). When degraded template DNA
was used, ITS-1 and ITS-2 were ampli-
fied separately using the primer combi-
nations of ITS-A with ITS-C, and
ITS-B with ITS-D, using identical am-
pliication conditions as above. Using
primers ITS-C and ITS-D instead of
White et al. (23) ITS2 and ITS3 results
in a 72 bp overlap at the beginning of
the 5.8S rDNA (corresponding to 5.8S
rDNA alignment positions 6–78 in Ref-
erence 8). 

PCRs of the separately amplified
spacers were pooled and cleaned with
the QIAquick PCR purification kit be-
fore sequencing. After checking DNA
concentration on a 1.8% agarose gel,
approximately 40 ng PCR product (2 ×
40 ng in pooled reactions) were used in
a 10 µL cycle sequencing reaction with
the BigDye Terminator Kit (PE
Biosystems) according to the  manufac-
turer’s instructions. ITS-A and ITS-B
were used as sequencing primers. Se-
quencing reactions were analyzed on a
Model 377 DNA Sequencer (PE
Biosystems), in forward and reverse se-

quences and then combined in a con-
sensus sequence.

To amplify the entire ITS region in a
single step even when badly preserved
DNA was present as the template, I
used a modified primer, ITS-D. A 4 bp
shift of the primer position toward ITS-
2 resulted in a primer sequence (ITS-E),
which is next to a T at the 5′ end (Figure
1). The additional A  added by most
Taq DNA polymerases to the elongated
strand thus matches the sequence of the
5.8S rDNA. In amplification reactions
(contents above), primers ITS-A and
ITS-B were supplemented by 1 pmol of
each primer, ITS-C and ITS-E. PCR
was carried out using the following pro-
gram. An initial denaturation at 95°C
for 2 min was followed by 10 cycles of
annealing at 55°C for 30 s, extension at
70°C for 30 s and denaturation at 95°C
for 20 s. This was followed by 32 cycles
of annealing at 55°C for 30 s, extension
at 70°C for 1 min, denaturation at 95°C
for 20 s and a final extension at 70°C
for 7 min. The overlapping parts of the
two spacer regions served as priming
sites for subsequent PCR cycles, when
primers ITS-C and ITS-E are exhausted
in the reaction mixture.

RESULTS AND DISCUSSION

Sequences obtained by the combina-
tion of separately amplified ITS-1 and
ITS-2 amplicons in purification and se-
quencing were clearly readable, and no
negative effects that could result from

this procedure were observed. Addi-
tionally, nearly complete sequences of
the entire ITS region could be obtained,
when ITS-1 was sequenced with the
forward primer (ITS-A). A signal de-
crease of approximately 50% in the se-
quence chromatogram (Figure 2) marks
the end of amplicon 1 (ITS-A to ITS-
C), but did not prevent further sequence
reading. Sequences that exceeded the
amplicon border could not be observed
in the reverse sequencing reactions,
where the signal dropped to back-
ground level at the end of amplicon 2. 

A closer investigation of the over-
lapping ends of the two amplicons is
necessary to explain this different be-
havior. The main difference between
the two ends is a T that appears adja-
cent to primer ITS-C and primer ITS-D
next to an A (Figure 1). Thus, protrud-
ing +A bases, eventually attached by
the Taq DNA polymerase to the 3′ end
of newly synthesized DNA strands, re-
sult in a matching amplicon end in am-
plicon 1. In the sequencing reaction, the
forward strands of amplicon 1 will an-
neal to the overlapping part of ampli-
con 2 and serve as a starting point for
strand elongation, no matter whether a
+A base occurs or not. In amplicon 2,
where +A bases result in mismatches,
the elongation reaction will only start
when no A is attached to the end. This
occurs rarely and explains the severe
signal decrease observed in reverse se-
quencing reactions.

The frequently used internal primers
designed by White et al. (23) allow no
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Figure 2. Sequence electropherograms showing the 3′′ end of amplicon 1 in ITS sequences of Stylophorum diphyllum (Papaveraceae) obtained from
combined amplification products (top) and from a single amplification of the entire ITS region. The separately amplified subunits of the ITS region were
pooled before purification and were both present in the sequencing reaction. The end of the annealing site of primer ITS-C is boxed. Clearly visible is a signal re-
duction (arrow) near the end of the amplicon 1 (primer + A), which did not circumvent sequence detection for nearly the entire amplicon 2.



strand elongation during sequencing
because they are neighbored by G and
C, respectively. This means that a com-
bination of separately amplified ITS-1
and ITS-2 before purification is possi-
ble, but will not result in strand elonga-
tion during the sequencing reaction.

In the second approach, the newly
designed primer ITS-E behaves compa-
rably to ITS-C in promoting strand
elongation into adjacent regions, even
when +A bases occur (Figure 1). The
combination of minute amounts of
primers C and E, together with the ex-
ternal primers ITS-A and ITS-B in
PCR, resulted in full-length ITS prod-
ucts when degraded template DNA was
used (Figure 3). This shows that ampli-
cons 1 and 2, which were amplified
during the initial PCR cycles, serve as a
template for the amplification of the en-
tire ITS region, at least after primers C
and E were exhausted. The product can
be sequenced like ITS amplicons that
are derived from fresh DNA, even if
less DNA is obtained when starting
from fragmented templates.

The described method makes use of
DNA fragments being able to serve as
starting points for Taq DNA polymerase
in PCR when overlapping parts of frag-
ments exist. Generally, this should oc-
cur during every PCR cycle, theoretical-
ly allowing self-assemblage of highly
degraded DNA during PCR (5). In prac-
tice, however, if amplicons are obtained
at all (5), they are rarely suitable for se-
quencing. Mostly, they are an accumu-
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Figure 3. Comparison between ITS amplifica-
tions starting with well-preserved DNA (top)
and degraded DNA (bottom). In the PCRs sepa-
rated in the upper part of the gel, DNA extracted
from rapidly dried leaves of Macaranga petanos-
tyla (Euphorbiaceae) was used. The lower part
shows fragments amplified from severely degrad-
ed DNA of M. aleuritoides. In lane 1, PCR prod-
ucts are amplified with primers ITS-A and ITS-
B, resulting in the entire ITS region when good
template DNA is used. Lanes 2 and 3 contain
ITS-1 (primers A and C) and ITS-2 (primers B
and E), respectively. In lane 4, PCR products that
have been amplified with a reaction mixture con-
taining all four primers in a standard PCR proto-
col (30 cycles) are shown.

Figure 4. Comparison of PCRs conducted with two primers (primers A and B) and with four
primers (primers A, B, C and E) from degraded template DNAs. The taxa used were 1, Hordeum vul-
gare (Poaceae); 2, Milula spicata (Alliaceae); 3, Papaver persicum (Papaveraceae); 4, Helmiopsis pseu-
do-populus (Malvaceae) and 5, Potentilla cinerea (Rosaceae).



lation of products with small length dif-
ferences or multiple overlapping se-
quences that may result from misprim-
ing at small sequence homologies
interspersed within the template DNA
(jumping PCR). The approach de-
scribed here allows amplification of the
two partial ITS sequences during the
initial PCR cycles; it shifts later on, af-
ter primers C and E are exhausted, to an
amplification mode where the overlap-
ping parts of amplicon 1 and 2 serve as
priming sites, together with primers A
and B, respectively. After the produc-
tion of the first full-length products,
these later serve as template for a “reg-
ular” ITS amplification.

The use of amplicon 1 (A–C) togeth-
er with amplicon 2 (B–E) in a combined
purification step is not recommended.
In that case, both ends of the overlap-
ping part of the 5.8S rDNA serve as
starting points for strand elongation
during the sequencing reaction. In the

sequencing gel, where fragments are
separated by length, two parallel se-
quences will occur. The additional se-
quence will start at the base position
that corresponds to the length of the
second amplicon present in the reaction.

In summary, there are several meth-
ods to choose from when DNA isolated
from herbarium material is to be used
for ITS amplification. Usually ITS-1
and ITS-2 are separately amplified, pu-
rified and sequenced. This protocol can
be speeded up when the amplified PCR
products are pooled and purified in one
step. Neither PCR products amplified
with the White et al. (23) internal
primers nor with primers ITS-C/ITS-D
impaired the quality of sequences ob-
tained when both amplicons were pre-
sent in the sequencing reaction.

Alternatively, all four primers (A, B,
C and E) can be used in one PCR, which
results in full-length ITS products. Us-
ing this protocol as a standard approach

will speed up amplification when DNAs
in differently preserved states have to be
analyzed. The two additional primers,
present only in minute amounts, do not
influence PCR with undegraded DNA,
but allow the start of the chain reaction
when poorly preserved DNA is used.
This method allows the analysis of for-
ward and reverse strands with only two
sequencing reactions, even when de-
graded templates are used. When DNA
degradation is quite high and does not
result in separate ITS-1 and ITS-2 am-
plification products, an additional re-
construction step (5,21) might result in
PCR products.

The newly developed internal pri-
mers, C and E, were designed to work
well in land plants, and could also be
useful in algae or fungi. In any case, it
would be advantageous to first check
the primer annealing sites of the inter-
nal primers. This step can be carried
out either by sequencing the entire ITS
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region starting from undegraded DNA
or in an alignment of 5.8S rDNAs
downloaded from a DNA database that
contains representatives of the group
under study (8). Database comparisons
will also allow users to design primers
that discriminate against fungal se-
quences. These often cause severe pro-
blems in ITS analyses of plants that are
inhabited by fungi (12,25) or when
badly conserved herbarium sheets are
used for DNA extraction.

Taking into account the +A bases
added by several Taq DNA polymeras-
es, primers designed to promote self-
priming of overlapping parts of short
fragments of a longer target DNA can
be useful in a wide variety of marker
genes used in molecular phylogenetics.
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