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DNA sequences, powerful for phylogeny, have not yet proven as rewarding for taxonomic categorization
purposes. However, further analyses of one locus, the second Internal Transcribed Spacer of the nuclear
ribosomal gene cistron, has suggested a high degree of predictability across eukaryotes. Comparison of
the secondary structure of ITS2 transcripts reveals its most conserved region, on the 50-side of helix III.
Comparison of this 50 30 bp highly conserved region with the extent of sexual compatibility in a clade
of organisms produces two useful predictions: identity of this region predicts meaningful intercrossing
ability, and, difference of even one CBC pairing in this region predicts total failure of crossing. Previous
to the appearance of the first CBC in the highly conserved portion, all gametic compatibility has been lost,
thanks to the parallel evolutionary changes in genes controlling mating. These two landmark events help
to delimit the level of interbreeding taxa.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction Given the known pitfalls of our primarily morphology-based
The very basis of our taxonomic system and its growth over the
past 250 years is the presumption that individuals very similar in
morphology are those most closely related, constituting a species.
Yet the category of morphological ‘‘species” is in the eye of the be-
holder. Nature does not produce species, but rather individuals,
populations and clades, of continuing evolutionary change. The
second major approach to classification states that individuals
capable of interbreeding are each others’ nearest relatives, as so
importantly emphasized by Dobzhansky (1940) and his coworkers
more than 50 years ago in their recognition of the ‘‘biological” spe-
cies. They emphasized the critical significance of the loss of inter-
breeding potential, the major step that dooms clades to remain
genetically separate forever after. Hence, in some ideal taxonomic
world, one morphology = one interbreeding group = one species;
such an entity would be morphologically uniform, and sexually
isolated from other clades.

Such is not our world. Many individual populations/clades are
indeed, at this point in time, uniform in morphology and capable
of interbreeding, and are also unable to cross with individuals of
other clades. For many other clades, however, morphological uni-
formity does not completely parallel interbreeding capacity, or
breeding status of a morphological group may remain uncertain/
undetermined, challenging the taxonomist to seek other critera.
ll rights reserved.
taxonomic system, how great then must have been the hopes of
taxonomists, with the advent of DNA sequencing, to find at last a
molecular surrogate for some level of the speciation process. Alas,
this hope has been drowned in the accumulation of sequencing
data on various candidate loci. Nucleotide change does occur, gen-
era differ more than do their component pairs of species, but the
nucleotide change is continuous, with no gap, no point of reference
correlatable with some facet of speciation.

One approach would be to concentrate on understanding the
genes involved in sexual behavior, particularly those controlling
gamete approach and fusion; this has the advantage of focussing
on a process common to all eukaryotes. Activities such as the re-
sponse to mutual attraction by modification of gamete surface
components, specific agglutination, and gamete fusion, require
the coordinated action of a considerable number of genes. Such
genes might seem to be the ideal object of study for evaluating
the evolution of the speciation process. However, our understand-
ing of their comparative molecular aspects is still in its infancy
(Swanson and Vacquier, 2002; Hamaji et al., 2008).

Recently, one such DNA region (the Internal Transcribed Spacer
2 region, ITS2, of the nuclear ribosomal cistrons) has been found to
vary in sequence and secondary structure in a way that correlates
highly with taxonomic classification. The ITS2 region of nuclear
DNA provides a powerful tool because not only can sequence be
compared but also aspects of the secondary structure formed by
the initial RNA transcript. Müller et al. (2007) compared the entire
ITS2 of 1373 sequences of species to see how homogeneous were
the sequences within species compared to their nearest congeners.
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They found that for 93% of cases where two taxa differed some-
where in their ITS2 by a CBC (Compensatory Base Change, an al-
tered pairing in a helix of the secondary structure of the ITS2
RNA transcript—see Fig. 1), they were classified as different spe-
cies. Thus, in the vast majority of organisms they surveyed, a dis-
crete property of the ITS2 (no CBC anywhere) characterized
members of a species.

This result suggests an outer limit to the sequence variation
accompanying current taxonomic assignment of species names,
whatever their criteria. However, it says nothing about the level
of biological species. Here we use the ITS2 region to explore further
its information content, concentrating on characteristics that
accompany separation of clades into two or more sexually isolated
subclades. We evaluate its predictive powers for discriminating
interbreeders, and derive a simplified sequenced-based technique
for its application to evaluation of the biological species level
among eukaryotes.

2. Properties of ITS2

ITS2 sequence comparisons are perhaps the most common
source of phylogenetic reconstructions at the species, genus and
family level among all eukaryotes (Alverez and Wendel, 2003; Bai-
ley et al., 2003). The locus of interest is in the nuclear ribosomal
cistrons, a region lying between the 5.8S RNA gene and the LSU
Fig. 1. Secondary structure of ITS2, and comparisons of helix III among examples from
entire ITS2 structure of Photinia is shown to illustrate the typical ITS2 secondary struc
(pyrimidine–pyrimidine bulge) and in helix III by a bracket (50 30 most conserved nucleot
(red) and three hemi-CBCs (green). Amelanchier fails to cross with any of the several g
mentioned in this figure the reader is referred to the web version of the article.)
RNA gene. The cistron is transcribed initially into a single long
transcript. During ‘‘processing” in the nucleolus to release the ribo-
somal RNAs, this spacer region is degraded to nucleotides.

It was early reconized that ITS2 shares common features of se-
quence and secondary structure, conserved even above the family
level (Hershkovitz and Zimmer, 1996). Analysis of the secondary
structure formed by the RNA transcript as it folds back on itself
at transcription, has generally been less commonly done, but has
proven extremely useful in aiding proper sequence alignment
(Mai and Coleman, 1997). As shown in Fig. 1, the typical ITS2 of
eukaryotes forms four helices (Coleman, 2003). This secondary
structure can be derived by applying the RNA folding program
Mulfold (http://www.bioinfo.rpi.edu/applications/mfold/rna/for-
m1.cgi) to all the sequences of a group of closely related organisms,
comparing the multiple folds produced by the program to find the
single type common to all the taxa, and then checking positions of
nucleotide variation. Essentially all variation in positions paired in
helices (Fig. 1) should show only those substitutions that preserve
the pairing, both one-sided (hemi-CBC) and two sided (CBC). These
characteristics are considered ‘‘proof” of the proposed RNA second-
ary structure, as first applied to studies of the ribosomal RNAs (Gu-
tell et al., 1994). The realization that the same four helix structure
characterizes the ITS2 transcript in essentially all eukaryotes has
only been recognized recently (Coleman, 2003, 2007; Müller
et al., 2007). This universality has led to computer automation of
the apple subfamily Maloideae, (A) Amelanchier, (B) Mespilus and (C) Photinia. The
ture of eukaryotes; hallmark characteristics are marked in helix II by arrowheads
ide positions). Helix III pairing variants among species of the family include one CBC
enera that differ by the CBC (Robertson et al., 1991). (For interpretation of color
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the search and folding computations with broadly applicable tools
(Wolf et al., 2005).

The secondary structure of the ITS2 initial transcript contains
further useful information that can be derived from analysis of
the functional importance of particular nucleotide positions. From
such studies of clades of related organisms, it has become clear
that the first and fourth helices are the most evolutionarily vari-
able, useful primarily for species and subspecies comparisons.
Helices II and III are more conserved in sequence than helices I
and IV, and recognizable among all eukaryote ITS2 structures by
certain invariant features. The second helix typically is fairly short
and has a pyrimidine-pyrimidine mismatch near the base; the
third helix is longer, sometimes even bearing a branch, and has
on the 50-side near the tip the single most highly conserved stretch
of nucleotides in the entire ITS2 (Fig. 1).

These conserved features, taken together, suggest that it is heli-
ces II and III that might contain the molecular signals necessary for
successful RNA transcript processing. As summarized in Cote et al.
(2002), there are one or two initial cleavages in processing of the
ITS2 RNA transcript and they occur in the region extending along
the 30 side of helix II through the 50-side of helix III. Thus the region
thought to be most important functionally is also the region most
conserved evolutionarily.
3. How does ITS2 sequence evolution parallel an aspect of
biological species evolution?

This comparison requires a plethora of data, including complete
ITS2 sequences for a group of related organisms, the derivation of
their common RNA transcript secondary structure, and for the
same group, experimental analyses of their intercrossing potential,
both positive and negative. Furthermore, one cannot use the more
typical definitions of ‘‘biological species” because such information
is largely unavailable. Instead we have used for the pan-eukaryote
comparisons a sexual characteristic, gamete compatibility suffi-
cient to form a recognizable zygotic stage (members of the same
‘‘Z clade”). This definition is the most accessable to experimental
analysis without extensive expenditure of time and effort; hence,
more data are available.

The clades of organisms for which such data have been com-
pared are found in Table 1. Examples from additional plants and
green algae (Coleman, 2000) have been omitted because they are
only repetitious; other groups are absent from the analysis for lack
of the necessary data, most notably, various familiar mammalian
groups. Here, it is the ITS2 sequence data that are lacking since, his-
torically, phylogenetic studies in animals early concentrated on
mitochondrial DNA regions, not ITS.

Table 1 summarizes the comparisons for 30 clades of protistans,
plants and animals for which sufficient data are available. The
analysis includes a total of >100 biological species, and more than
400 ITS2 sequences, including outgroups. Three different catego-
ries could be recognized, A, B and C, as cited in Table 1 and
Fig. 2. Type B consists of only two cases, where one taxonomic spe-
cies = one morphology = one Z clade (very broad ‘‘biological spe-
cies” as defined here). Examples of Type C, single taxonomic
species containing >1 Z clade, are confined to the microprotistan
taxa examined here, but type A (a single Z clade encompassing sev-
eral species or even genera) is present in both micro- and macro-
protistans and is the near universal case for plants and animals.
These three patterns of taxonomic classification are crudely dia-
grammed in Fig. 2, with a region of shading illustrating the
decreasing intensity of sexual interaction from total interbreeding,
through loss of sufficient interbreeding capacity to qualify as ‘‘bio-
logical species” in the conventional usage, to Z clade limit, and fi-
nally to the loss of any detectable gamete interaction.
Where multiple taxonomic species/genera are capable of gam-
ete interaction, their ITS2 sequences are extremely similar, even
identical for 30 or more nucleotides lying on the 50-side of helix
III, the most evolutionarily conserved region of ITS2. At the other
extreme, where one species encompasses more than one inter-
breeding group, their ITS2 sequences contain considerable varia-
tion among the 30 relatively conserved helix III positions.
Particularly striking examples help to illustrate these two ex-
tremes. For A, three Hawaiian genera of silverswords (Argyroxipium,
Dubautia, Wilkesia), even those that hybridize poorly (Baldwin
et al., 1991), display, in the 50 ITS2 helix III, 38 identical nucleotides
which encompass 26 helix pairings. At the other extreme cited,
type C, the morphologically uniform algal species Pandorina morum
encompasses multiple variant ITS2 sequences among the >25 cryp-
tic biological species. Their longest common region of identity in
ITS2 is only eight nucleotides, in the 50 conserved region of helix
III, and the taxa classified in the species encompass nine CBCs in
helices II and III of ITS2 (Coleman, 2001).

4. Development of genetic isolation

Various clades/populations are at different stages of evolution-
ary divergence. Some biological species contain only highly com-
patible interbreeders, totally incapable of interacting with
organisms from different species, while at least a few groups show,
over a geographic range of tested isolates, some pairings that are
highly interfertile, others that display lower levels of gamete inter-
action, some where a few zygotes are formed but never fully devel-
op/germinate, and even cases where individuals interfertile with
some strains of the clade will not themselves directly intermate.
As ITS2 differences between potential mates increase, sexual com-
patibility and zygote productivity decrease. An example of this cor-
relation has already been nicely illustrated for Coreopsis species by
Archibald et al. (2005, see Fig. 2). The 25 Gonium pectorale strains
serve to illustrate in more detail the parallels typical as reproduc-
tive isolation and ITS2 evolve. Overall, Southern hemisphere iso-
lates interbreed successfully inter se, and so also do Northern
hemisphere isolates, but only a few Southern � Northern crosses
even produce zygotes, and they have no issue. In G. pectorale, the
sole CBC nucleotide position in helix III distinguishes those strains
of the Northern hemisphere totally incapable of crossing with
those of the Southern hemisphere (Fabry et al., 1999).

5. Using helix III alone, is there a simple sequence-based way to
predict potential crossing or total loss of interbreeding?

Deriving secondary structures of ITS2 is laborious, though many
examples that can serve as guides for an order or class of eukary-
otes are now in the literature and on line (Schultz et al., 2006). Fur-
thermore, it would be naive to set guidelines to all eukaryotes on
the basis of the whole helix III, or even a percentage of helix III,
for in some organisms, ITS2 helix III may be quite long, or
branched, with insertions in the stem or at the terminus (see
Fig. 2 in Mai and Coleman, 1997). The additional nucleotides are
not under such stringent selection. To take this situation into ac-
count for all eukaryotes, we have derived a generalization for the
contiguous 50-side 30 nucleotide positions of helix III encompass-
ing the most highly conserved nucleotide sequence (thus avoiding
confusions engendered by different ITS2 lengths). Interestingly,
two simple rules apply to all the examples in Table 1.

1. Organisms that differ by even one CBC in this region also are com-
pletely unable to cross. There is no example yet of an exception
to this rule. Organisms may have an altered nucleotide in a bulge
(single stranded region) or even a hemi-CBC among these 30 and



Table 1
Comparison of ITS2 sequences versus level of biological species versus taxonomic category.

Type Organisms # Biological species Identity of 30 nt motif 50 helix III identity All ITS2 identical Reference

Algae/Protozoa
A Chlamydomonas 1 (8 isolates) Yes Yes No Pröschold et al. (2005)

smithii
incerta
reinhardtii

A Chlamydomonas 1 (4 isolates) Yes Yes No Mai and Coleman (1997)
moewusii
eugametos

C Chlamydomonas allensworthii 5 (13 isolates) Yes Yes Yes Coleman (2001)

B Astrephomene 2 (10 isolates) Yes Yes No Mai and Coleman (1997)
gubernaculifera
perforata

C Gonium pectorale 1–2 (25 isolates) Yes Yes No Fabry et al. (1999)

B Blidingia minima 1 (9 isolates) Yes Yes No Woolcott et al. (2000)

C Pandorina morum >25 (62 isolates) Yes/no No No Coleman (2001)
colemaniae
smithii

C Closterium ehrenbergianum 11 (47 isolates) Yes No No Denboh et al. (2003)

C Sellaphora >2 (16 isolates) Yes Yes No Behnke et al. (2004)
pupula
laevissima

C Pseudonitzschia 5 (19 isolates) Yes Yes/no No Amato et al. (2007)
delicatissima
pseudodelicatissima
cuspidata
calliantha

A Ectocarpus 1 (10 isolates) Yes Yes No Stache-Crain et al. (1997)
Kuckuckia

A Laminaria 1 (11 isolates) Yes Yes No Yotsukura et al. (1999)
Kjellmannia

A Alaria 1 (5 spp.) Yes Yes No Lane et al. (2007)

A Macrocystis 1 (5 spp., 12 isolates) Yes Yes No Coyer et al. (2001)
Pelagophycus
Nereocystis

A Red algal parasites (Delessereaceae-3 spp.) 2 (8 isolates) Yes Yes No Goff et al. (1997)

C Paramecium aurelia complex 15 (18 isolates) Yes Yes Yes/no Coleman (2005)

Fungi
A Saccharomyces sensu stricto 1 (7 spp.) Yes No No Naumov et al. (2000)

Plants
B + A Coreopsis 11 (12 spp.) Yes Yes No Archibald et al. (2005)

W NAmer
A E NAmer 1 (4 spp.) Yes No No Kim et al. (1999)

Palmatae
A Coreopsis 1 (6 spp.) Yes Yes No Kim et al. (1999)
A Calliopsis 1 (3 spp.) Yes Yes No Kim et al. (1999)

A Corylus 2 (7 spp.) Yes Yes No Erdogan and Mehlenbacher (2000)

A Notofagus by pollen group 4 (22 spp.) Yes Yes No Manos (1997)

A Silverswords/Tarweeds 3 genera 1 (35 isolates) Yes No No Baldwin et al. (1991)

A Maloideae 1–2 (16 genera) Yes/no No No Robertson et al. (1991)

Animals
A Haliotis 2 (8 spp.) Yes Yes No Coleman and Vacquier (2002)

A Platygyra 7 spp. 1 (9 isolates) Yes No No Miller and Babcock (1997)

A Drosophila 1 (6 spp.) Yes Yes No Young and Coleman (2004)

A European Calopteryix 1 (6 spp.) Yes Yes No Weekers et al. (2001)

A Ixodes dammini 1 (17 isolates) Yes Yes/no No Wesson et al. (1993)
pacificus
scapularis

Type—see text. # Biological species—number of sexually isolated clades among the cited spp./genera. Parentheses indicate the number of isolates/species falling within these
biological species. Identity of 30 nt motif—at least 30 contiguous nucleotides in the highly conserved region of the 50-side of ITS2 helix III are identical among interbreeders. 50

helix III identity—identity of all nucleotides on the 50-side of ITS2 helix III among interbreeders. All ITS2 identical—entire sequence of ITS2 is identical in all examples of
interbreeders examined. Reference—key to the literature on ITS and sexuality. Yes/no—identity in some interbreeding groups, but not in others.
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Fig. 2. Diagrammatic attempt to illustrate the relationship between interbreeding
capability and current taxonomic classification. Termini represent taxonomic
species (or in C, sometimes mating groups). There are three examplar types: (A)
The situation seen in Fig. 1 where even some genera can hybridize; (B) where a
species corresponds with the limits of sexual compatibility; and in (C), a single
taxonomic species can contain several sexually isolated clades. Superimposed green
coloration in A–C indicates the level of biological species (intense color) diminish-
ing to the last vestige of gamete interaction (delimiting the Z clade). Red line
suggests where a CBC is first found in the lineage. Black arrow indicates time. (For
interpretation of color mentioned in this figure the reader is referred to the web
version of the article.)
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still show some weak degree of interbreeding, but the presence of
a CBC in this landmark nucleotide stretch marks the end of any
mating potential. In practical terms, one need not resolve the
entire ITS2 secondary structure. One needs just this helix III por-
tion of secondary structure, so one can fold the critical 30 nucle-
otides (the longest conserved sequence in the ITS2 among all the
taxa) with the next 30 ca. 40 nucleotides to see the germane por-
tion of helix III.

2. Identity for the entire ITS2 correlates with significant interbreeding
potential. Only two potential exceptions are known, where
organisms with identical ITS2 sequence fail to cross. The first
is one pair of syngens (mating types-v.Sonneborn, 1975) of
Paramecium aurelia (syngens 8 and 12); here the whole ITS2 is
very short (167 nt) compared to other organisms, but more
importantly, Aury et al. (2006) have recently discovered that a
whole genome duplication just preceded the evolution of the
P. aurelia complex of syngens, and may be linked to this event.
The second is a unicellular green alga, Chlamydomonas allens-
worthii, where two pairs of isolates (LCN, LCA) fail to interbreed
(Coleman et al., 2001). Here there is some suspicion of the test-
ing completeness, since even zygotes of apparently fertile
crosses have never been germinated.
6. Explanation of the parallelism

Why should the ITS 2 conserved regions tell anything about po-
tential interbreeding? First, there is no cause and effect for this
observation; the explanation lies elsewhere. It is well established
that individual genetic regions have different rates of evolutionary
change. For example, actin genes are very slowly evolving (practi-
cally constant across vertebrates), while introns of genes are often
exceedingly rapidly evolving (sometimes unalignable between
species of the same genus). These widely differing rates of evolu-
tionary change are maintained by selection for function.

Gamete compatibility is controlled by multiple, fairly rapidly
evolving genes (Swanson and Vacquier, 2002; Hamaji et al.,
2008). Presumably this is driven by selection. To carry the argu-
ment to the extreme, if any gamete of any organisms could fuse
with any gamete of any other organism, gamete wastage would
predominate because almost all fusions would involve two organ-
isms having many, many differences in their genetic plan for devel-
opment. The zygote would die. Thus the pressure of selection on
gamete compatibility genes must be intermediate in strength: such
genes must evolve fast enough to ensure that by the time develop-
mental genes of two organisms have diverged sufficiently to cause
total zygote wastage, the gamete compatibility genes of these
organisms should have diverged sufficiently to prevent their ga-
metes from making a zygote.

Meanwhile, all other regions of the genome are undergoing
change; among them is the ITS. The empirical observation is that
after the divergence time necessary for two lineages to fail even
to interact to make zygote, the 50 thirty most conserved nucleo-
tides of helix III of the two organisms will show at least one differ-
ence in sequence engendering a CBC between them. In fact, by the
time this first CBC has appeared, the clade may encompass two or
even more Z clades (Coleman, 2000). Thus the reason the ITS2 can
be used to predict whether two organisms can interact to make a
zygote is that both mating genes and ITS are evolving, and that
by coincidence, total loss of gamete compatibility is observed be-
fore the critical region of helix III contains a CBC (Fig. 2).
7. Hybridization and polyploidy

One must remember that there are multiple copies of the nucle-
ar ribosomal cistrons in an organism, several hundred in a tandem
array on each homolog of a diploid organism and sometimes also
present elsewhere in a genome. Most organisms display a remark-
ably high degree of similarity among all the tandem repeats of RNA
cistrons, although in no case have all the repeats been sequenced,
for technical reasons. Perhaps the most exhaustive case is a hap-
lont alga Chlamydomonas reinhardtii, where 200–300 repeats occur
on at least two different chromosomes (Merchant et al., 2007).
Fundamentally there are only two cistron variants in the ITS of this
alga, differing by a 10 nucleotide indel at the tip of helix I. Exten-
sive subcloning and sequencing of the standard strains (>150 sub-
clones) have revealed only two other nucleotide sites in ITS2 that
vary, both transitions and both in single stranded regions of the
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secondary structure (Pröschold et al., 2005). This degree of homog-
enization seems fairly typical of most organisms, and has led to the
postulation of some fairly rapid mechanism of homogenization of
repeats, perhaps involving unequal crossing over or copy choice
repair (Elder and Turner, 1995). It is this process that allows ITS2
in the vast majority of cases to be treated as effectively a single
locus.

A number of investigators, particularly students of plant phy-
logenetics, have decried the use of ITS2 because of the potential
for hybridization and polyploidy to mislead analysis (Alverez and
Wendel, 2003; Bailey et al., 2003). In hybrids and allopolyploids,
one can sometimes obtain an almost unreadable result upon
sequencing the direct mixture of ITS2 PCR products. Subcloning
of the PCR products instead produces the individual variant se-
quences present in the genome. In the cases where multiple ITS se-
quences of significant variance are found within an individual, it is
clear that present or recent-past hybridization has occurred, and
that some stage of homogenization of ITS is present. This, in itself,
is very informative, and such exceptional cases only add to the va-
lue of ITS2 analyses (e.g., Feliner and Rossello, 2007).

8. What is the value of ITS2 analysis?

To the biochemist analyzing ribosomal RNA production, it
should help to highlight the ITS2 regions of greatest importance
to processing into the final rRNAs.

To the physiologist attempting to analyze interbreeding com-
patibility in a group of organisms, it provides a method of predict-
ing which pairings are the most likely to succeed, hence most
deserving of initial attention.

To the student of evolution, it can offer an opportunity for com-
parative analysis of the tempo of species evolution, in terms of how
long is estimated to be required (based on ITS divergence) for the
appearance of absolute species sexual incompatibility. This is pos-
sible perhaps only for groups with a reasonable geological record
or its counterpart. For example, the estimated initiation of diver-
gence of the silverswords on the Hawaiian islands is 5 mya (Bald-
win and Sanderson, 1998).

Finally, to the taxonomist evaluating the significance of morpho-
logical or other traits to assigning taxonomic categories, it provides
some guidance to sexual capabilities within the group in question.
Where a CBC in the critical 30 nucleotide section of helix III has ap-
peared, the clade of organisms defined by that CBC very likely con-
tains at least one, and perhaps a very small number of Z clades,
several ‘‘biological species”, and one or more morphological species.
This application has already been utilized in recent papers (Amato
et al., 2007; Behnke et al., 2004; Müller et al., 2007).

The choice of what to include/exclude in a (taxonomic) spe-
cies is still the decision of the taxonomist, but some sense of
the ‘‘biological species” limits in a clade can help to guide such
decisions. Conversely, interesting predictions can be made for re-
lated species lacking ITS2 data; for example, one can confidently
predict that ITS2 of the horse family, Equidae, should be identi-
cal for essentially all of the nucleotide positions on the 50-side of
helix III, since they can interbreed. We will never alter our tax-
onomic system to conform to biological species analyses, but the
recognition that a pan-eukaryote DNA indicator of the degree of
potential interbreeding exists, whatever the applied taxonomy,
should help our search for order in understanding the living
world.
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