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TAXONOMIC RESHUFFLING OF THE CLADOPHORACEAE

The notion that some groups of algae suffer from a “low-morphology problem” that masks their
true species diversity has been recognized for at least two decades (van (bpE®O€). This
problem has:becomeamatically evident in recent years as DNA sequence data have taken center
stage in species delimitation. The issuessally associated withlgal groups havingimple
morphologies and limitedset of morphological characters useful for morpho-taxonomic
circumscriptions and in taxa experiencing habitat-induced phenotypic plasticityr(ggen 2014).
The Cladophoracegae, a family of small filamentous green seaweelgésrig impactedy the low-
morphology problem and is an excellent example to illstiase difficulties. The paper of
Boedeker et al. (2016) published in this issue represents a milestone in e¢ngasigdbiology of

this widespread group of chlorophytes. The authors propose a new classification of the
Cladophoraceae based on a robust molecular phylogeny. The impressive sampling effort and
geographical coverage lead to strong conclusions, making this study a major taxonomic
advancement for green algae in general, not just the Cladophoraceae.

The Cladophoraceamntainghree gener¢hatarefamiliar to most marine biologists:
Cladophora, Chaetomorpha, andRhizoclonium. They all havehalli consisting of uniseriate
filaments formedby large multinucleate cells. Th&tinction between genera is (apparently)
straightforward Cladophora hasbranched filament$Chaetomorpha has unbranched thick
filaments andRhizoclonium has unbranched thin filaments. In the field, algae of these genera are
generally easy to recognize g@®en filamentous patches, bushes, or liggestructures occurring
in a wide range of habitats (Fig.. The Cladophoraceae is one of the few algal taxa that has
crossed the horders between sea and freshwater, bécacgeles species distributed in marine,
brackish and freshwater environments (e.g., in the Mekong niveros, whereCladophora is
harvested for.consumption). Some species thrive in marine intertidal habitatsaatal tagoons,
where they occasionally produce large blooms in situations where nutrienibgiadaat and
competition issreduced (Zulkifly et al. 2013). From a geographic point of view, the farsily ha
cosmopolitansdistribution, ranging from tropical to polar waters, with generally hijresity in
temperate regions.

The Cladophoraceasone of the longest-known and studied taxa of gregaes(the first few
species were described as early as the |dtedtury), yet are still recognized as a taxonomically

challenging group. Species delimitation has been particularly problematic, assieated by the
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plethora of specific and intraspacihameghat exist(1,072 listed in AlgaeBase only for
Cladophora, Guiry & Guiry 2016). A poor understanding of the biology of these algae has
contributed to this nomenclatural inflation. It is now known that thallus morphologgasygr
affected by phenotypic plasticity related to environmental conditions (kefaBoedeker 2007)

and that thisshassheen the major cause of taxonomic misinterpretations. Sghelogical
characters considered taxonomically relevant may vary in relation to h&takellent example

is found in one of the'most detailed treatments available for this group: the monogvaphdeh
Hoek (1963) for Europea@ladophora. This study, which is still considered a key reference for the
family, reports_that several comm@hadophora species exhibit different apical cell sizes
depending on.whether the alga grows in vietlr shaded sites, yet apical cell size used to be an
important taxengmic character. At the same time, the shortage of morpholdgicadters

available for thes algae poses a limit to the number of species that can be diagn@sed on
morphological basis. It is therefore not surprising that convergent evolution of rugiglabtraits

has been common in the Cladophoraceae; this phenomenon emerged in early nsbistetaf

the family(Bakker et al. 1994, Hanyuda et al. 2002, Leliaert et al. 2003) and is now confirmed with
more substantial.evidence.

The study by Boedeker et al. (2016) is an example of good practice in the establshanent
natural classificationf a taxonomically difficult group of algae. The authors use sequences of the
LSU and SSU rDNA genes obtained from a large number of species to infer a robust molecular
phylogeny'thatis then used to update the classification of the family. The nunshenmés used
and the geographic coverage of the study are among the largest seen in a phylogenetic study on
macroalgae, resulting from years of extensive collections made by the authors or received from
collaborators; and the sequence data are analyzedound, state-of-the-art phylogenetic methods.

Not unexpectedly, the study provides definitive evidence that none of the three main genera,
Cladophora, Chaetomor pha, andRhizoclonium is monophyletic. This also suggests that a complete
overhaul of the clssification of the group is needed. A factor complicating this matter is that
several old taxensnames exist that are now considered synonyms of these genkenag&dhto be
considered insnaming the groupings resolved in the phylogenies. In situatetigdikuncertainty
about which_clades should receive which names often abounds and can lead to decision paralysis
Clearly, such paralysis represents a huge impediment for the establishment of a correct
nomenclature and its applications in algal biology and marine ecology. In theorygitia lo
solution to this problem would be to sequence type specimens, the only ones to which taxonomic
names are unambiguously linked. This approach has become increasingly popular yeggsent
(especially for red algaand it is likely that higtthroughput sequencing methods will make it part
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of the core toolkit for algal taxonome.§., see Hughey et al. 2014). At present, however, obtaining
sequences from old herbarium specimens is still a very laborious angremerprocedure for

which there is no guarantee of success. In reality, it is often necessary to go down a more pragmatic
path, letting experts familiar with the biology of the group link taxonomic names andutaole

groupings by examination of type specimens and consideration of the original descriptiors. This i
the approachfadopted by Boedeker et al. (2016), and we praise them for being decisiacedhe f
uncertainty and-assigning names to seven monophyletic genera: in addition torrgdefini

Cladophora, Ghaetomor pha andRhizoclonium, they describe the new gendnabrica and

Pseudor hizoclonium and reinstatécrocladus andWilleella.

The study is also an interesting example of the nomenclatural problems caused by
discrepanciesrbetween morpholdggsed ad DNA-based classifications in algal groups with a
simple habit. Ifthe'nomenclatural rules were strictly adhered to, only a spegles would remain
in Chaetomorpha (the generityp€. melagonium (F. Weber & D. Mohr) Kiitzing and all other
species would need to be transferred to a different genus. We find that the authors make a sensible
decision to avoiduch a nomenclaturaarthquake’ and propose to conse@raetomor pha against
its type in a future publication (transferri@ymelagoniumto a new genus).

Besides taxonomic advances, the study also contributes new insights into themsgiut
history of the"Cladoephoraceae, showing that there have been at least three indeyatotherst
between branchedand unbranched morphologies, and that the family has colonized freshwater
environments on two separate occasions. This highlights the morphologically and phydiplogica
dynamic nature of these algae, which liesdy been the basis of their evolutionary success.

Although this study represents a model for the establishment of natural taxonomic
classifications, the methods used here may not yield similarly conclusive results for other algal
groups. A serendipitous aspect of the study is that just two molecular markerd gietdrist
phylogeny of'the group, with high support for most internal branches (see Figure 2). Itswas thi
well-supported backbone that allowed the new classification to be built, but in many oth&agal
two markers will-not baufficientto obtain an equally robust phylogeny, especially in peorly
known groups:ferwhich taxon sampling is sparse (see, for example, a similarly vigtiedestudy
by Fucikova etali (2014a) that could not completely resolve the phylogeny of the Sphaeropleales
despite using seven concatenated markers). For many groups, obtaining robust phylagenies w
require combining multiple markers from differeetlcompartments and a similarly extensive
taxon sampling, which may be hard to achieve in the case of small-sized or morphologjptilty c

algae.
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The Cladophoraceae are now better organized taxonomically, buifteeglenty more
challenges. An intexsting point for those not familiar with tkgstematic®f Cladophoraceae, is
that the study of Boedeker et al. (2016) is the first one to present a phylogeny of thééeal on
more than one marker. In an era in which it is normal to see algal phygsgoased on many
markers ormoresand more often, whole organellar genomes, this may appear strangeulr part
it seemsodd that slow-evolving plastid markers which are popular for phylogenetic infenaethce a
DNA barcoding‘in green algaebL, tufA, atpA, psaA, psaB, psbA) have not yet been sequenced
for the Cladophoraceae. For reasons that are still unknown, the amplificatioseoTehsy target”
plastid markers in.the Cladophoraceae has been an almost insurmountable challiercggy wne
rbcL sequence publishetusfar (for Chaetomorpha valida (J.D. Hooker & Harvey) Kiitzing, Deng
et al. 2014) Insmalecular phylogenies, this sequence is highly divergent from those of other
Ulvophyceae Fucikova et al. 2014b) andit should be confirrad based on additional data.
Presumably the amplification of plastid markers in these algae must be preventetelatygucal
features of the plastid genome. The structure of the plastid genome remains oneast the m
mysterious and intriguing aspects of this grotips is suggested in part by the presence of actively
transcribed plasmitlike DNA that seems to have derived from plastid DNA (LaClaire et al. 1998).
The challenge will be to characterize these plasmids and their role in the biology of these algae, and
this knowledge will'contribute to our understanding of the genetic and physiologicaefettat
have made the Cladophoraceae such an adaptable and successful group.

Placement at higher taxonomic levels has also beenrae of uncertainty and cannot be
considered fully settled yet. At the ordinal level, Cladophoraceae belong to th€tardiephorales,
a group that includes several lineages with rather different habits, but generally well supported in
molecular phylogenies and defined by the unifying-abir of having multinucleate cells with
nuclei arranged in regularly spaced cytoplasmic domains (siphonocladous organizdiaert et
al. 2012). At the class level, Cladophorales have been generally placed in the Ulvegsycea
defined by Mattox & Stewart (1984). However, van den Hoek et al. (1995) considered the
cladophoralean-algae distinctive enough to deserve a higher status and erected the cl
Cladophorophyeeae. In recent years, most authors have preferred their classification as an order in
the Ulvophyceae, supported by the fact that molecular phylogenies based mainly on nuclear
markers recovered the Ulvophyceae as a monophyletic group (LOpez-Bautista &a@H(08,
Cocquyt et al. 2010) in which the Cladophorales were robustly placed. Howinkes based
mainly on plastid DNA did not provide strong support for the monophyly of the Ulvophyceae, and
recent largescale phylogenies based on plastid multigene dtatzot support a monophyletic
Ulvophyceae Kucikova et al. 2014b). Needless to say, the Cladophorales, due to the difficulty of
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amplifying chloroplast markers, have not been well-incorporated into such chkiropla
phylogenomic studies. Depending on future developments in the classification of the core
chlorophytes (cf. Fu¢ikova et al. 2014b), the class-level placement of the Cladophorales may have
to be revised, and the possibility that the class Cladophorophyceae of van den Hodle@5xl. (
may eventually-besresurrected should not be discounted.

In an era’in which algal genomics has taken off, it is also worthy to note that genomic data
fromthe Cladophoraceae are still in great shortage and limited to metagenomic data. This is
unfortunate, especially because genomic information, in combinatibradditional physiological
and biochemical studies, would greatly help clarify the processes regulating morpogethese
algaeand further explain the biaof their phenotypic plasticity. We hope that more work will be
carried out onithese aspeof the biology of the Cladophoraceae and we remark that, even after
more than two'centuries of studies, this group still provides a wealth of opportuniesdgove
and exciting research.

We thank Christian Boedeker for feedback on the manuscript. Financial support during the
preparation of.this.manuscript came from the Universita Politecnica delle Marche and the
Australian Biological Resources Study (RFL213-08).
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FIGURE LEGEND

Fig. 1 Habit of selected representatives of Cladophoracead\cfAfladus herpesticus. (B)
Willeella ordinata. (€) Chaetomorpha antennina. (D) Cladophora sp.

This article is protected by copyright. All rights reserved



jpy_12459_f1.tif

This article is protected by copyright. All rights reserved



