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Utility of molecular-assisted alpha taxonomy of the genus Cystophora (Fucales,

Phaeophyceae) from New Zealand and Australia
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ABSTRACT: Many brown macroalgal species are difficult to identify because of limited morphological differentiation and/
or high levels of plasticity. Molecular methods for distinguishing species coupled with morphological examination have
been useful in clarifying species status in many groups. Cystophora is a species-rich, morphologically complex brown algal
genus that has been carefully monographed, and it is ideal for testing the utility of molecular markers for genetic species
delimitation. We evaluated the utility of the cytochrome oxidase subunit 1 (COI) DNA-barcode marker, alone and in
combination with nuclear-encoded internal transcribed spacer (ITS) rDNA, in delimiting species. We also used several
methods to delimit putative genetic species. Our results showed that for consistent species delimitation and species
delimitation that approximates morphological species, both markers in combination are necessary. Most species in the
genus are morphologically recognizable and genetically distinct but neither COI nor combined COI-ITS data separate
Cystophora congesta from Cystophora retroflexa or Cystophora distenta from Cystophora scalaris. We showed that
morphological characters used to separate these two species pairs are highly variable among samples, with many
intermediates. Thus, we concluded that these are not independent species and synonymize these species. Our data showed
that this genus, while widespread, mostly conforms to a morphospecies concept.
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Synonymization

INTRODUCTION

DNA barcoding uses base pair differences among short
sequences, usually a section of mitochondria-encoded
cytochrome oxidase subunit 1, for species identification
(Hebert et al. 2003, 2004). While DNA barcoding relies on
an existing taxonomy, short DNA sequences have also been
used to reveal ‘new species’ in groups of organisms. This
molecular-assisted alpha taxonomy method (Cianciola et al.
2010) has been very useful in revealing the diversity and the
taxonomy of marine algae. DNA based methods that
circumscribe clusters of genetically similar entities can help
untangle morphological variation resulting from phenotypic
plasticity from morphological characters that correlate with
species-level genetic isolation. This is important in organisms
that are known to vary greatly in their morphology in
various environments and/or in organisms that have few
morphological characters, like brown algae. Numerous
genetic methods have been developed to delimit potential
species. They rely on assumptions of differences between
speciation events and population evolutionary processes
(Lelieart et al. 2014).

DNA barcoding and molecular-assisted taxonomy in the
Phaeophyceae have used a single marker (McDevit &
Saunders 2010; Peters et al. 2015) or multiple genes (Lane
et al. 2007; McDevit & Saunders 2010; Gonzalez et al. 2012;
Vieira et al. 2014; Kogame et al. 2015; Diaz-Martinez et al.
2016; Hoshino et al. 2018) with variable success. Two
common DNA barcoding regions are the 5 end of the
cytochrome oxidase subunit 1 (COI) and the nuclear-
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encoded ribosomal internal transcribed spacer regions
(ITS1-5.8S-ITS2 rDNA cistron, henceforth ITS).

COI barcoding of brown algae has had mixed success.
Lane et al. (2007) investigated species delimitation using COI
in north-east Pacific species of Alaria and found that clusters
of COI haplotypes were not congruent with a priori
morphological species assignments, nor with clades inferred
from ITS sequences. Lane et al. (2007) suggested that
widespread introgressive hybridisation precludes molecular
delimitation of species of Alaria in the study region. McDevit
& Saunders (2010) extensively sampled Canadian Laminar-
iaceae and were able to resolve most species, with intra-
specific distances. However, Saccharina latissima had mod-
erate within species divergence (1.2%), forming geographi-
cally distinct clusters, and also low inter-specific distances
(2.1% between Saccharina bongardiana and Saccharina
groenlandica). Mattio & Payri (2010) compared COI and
four other markers in Sargassum subgenus Sargassum. COI
performed better than other markers but within species
distances (c¢. 0-2%) and between species distances (c¢. 0.5—
7.3%) overlapped. How these markers will perform in
delimiting species and how these genetic delimitations
correspond to morphological species is not known in many
other brown algal genera.

In this study we compare the utility of COI clusters (=
genetic species) to a priori identified morphological species (=
morphospecies) in the genus Cystophora J.Agardh (Sargas-
saceae, Fucales) and compare this species delimitation also
using combined concatenated COI and ITS datasets.
Cystophora is an ideal genus for testing this approach, since
a thorough morphological taxonomy is available for
comparison (Womersley 1964, 1987). The genus is relatively
speciose (23 species listed in Womersley 1964) and includes
species with clear morphological boundaries and others
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Fig. 1. Map indicating sampling locations for the study (see Table S1 for more details). (A) Southern Australia. (B) New Zealand.

having less distinct morphological boundaries. Also, the
genus includes both Australian and New Zealand endemic
species, as well as species with trans-Tasman distributions,
plus it is a critical habitat builder in the shallow subtidal
waters around New Zealand and southern Australia.

MATERIAL AND METHODS

We sampled species of Cystophora from south-eastern
Australia (southern Australia and Tasmania) and New
Zealand, including the Chatham Islands (Table S1; Fig. 1).
Other species were not identified in our study area (see text)
or were from south-western/Western Australia (Womersley
1987). Thalli were pressed as voucher specimens and
deposited in the herbarium of the Museum of New Zealand
Te Papa Tongarewa (WELT) (Thiers 2017) (Table Sl1).
Clean apices were detached and rapidly dried in silica gel for
subsequent DNA extraction. A priori species assignments
were made on the basis of morphological characters from
Womersley (1964, 1987). Key diagnostic characters are listed
in Table S2.

DNA was extracted from approximately 2-5 mg of dry
tissue using a modified cetyl trimethylammonium bromide
buffer procedure (Zuccarello & Lokhorst 2005), with the
addition of 1% polyvinylpolypyrrolidone to the extraction
buffer. A 615 bp fragment from the 5’ end of the COI gene
was amplified using primer pairs GAZF2 and GAZR?2 (Lane

et al. 2007) or GAZF2 and a new reverse primer, fcox808R
(5-TAAACTTCGGGGTGTCCAAA). Amplification of
ITS used either AFP2(F) (Peters & Burkhardt 1998) or P1
(Tai et al. 2001) forward primers and KG4 reverse primer
(Lane et al. 20006).

The polymerase chain reaction (PCR) mix for both
regions contained 1 pl genomic DNA, 0.5 U Taq DNA
polymerase [New England Biolabs (NEB), Ipswich, Massa-
chusetts, USA], 1X ThermoPol reaction buffer (NEB), 7.5
pmoles each primer, 200 nM deoxynucleoside triphosphate
and 0.01% bovine serum albumin. COI amplification used a
PCR routine with an initial denaturation step of 94°C for 4
min; then 35 cycles of 1 min at 94°C, 30 s at 50°C and 1 min
at 72°C; with a final extension of 72°C for 7 min. ITS
amplifications used a touchdown PCR routine with an initial
denaturation step of 94°C for 4 min; then 5 cycles of 1 min at
94°C, 45 s at 55°C (—1°C/cycle) and 1 min at 72°C; followed
by 30 cycles of 1 min at 94°C, 45 s at 50°C and 1 min at 72°C;
with a final extension of 72°C for 10 min. Amplified products
were checked for length and yield on 1% agarose gels stained
with ethidium bromide, then cleaned with ExoSap-IT
enzymes (USB, Cleveland, Ohio, USA) and sequenced
commercially (Macrogen Inc., Seoul, South Korea). Se-
quencing of COI fragments used the same primers as for
amplification. ITS sequencing used the additional internal
primers KPS and KIR1 (Lane et al. 2006). Samples for inter-
specific analysis of some closely related species were also
amplified and sequenced for the highly variable mitochon-
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drial spacer 23S-tRNA-Lys’ (Hoarau et al. 2007), using
primers as in Buchanan and Zuccarello (2012).

COI fragments were aligned using Geneious 9 (http://
www.geneious.com, Kearse et al. 2012). Alignment was
straightforward with no gaps. ITS sequences were aligned
using the MAFFT algorithm (Katoh et al. 2002). Phyloge-
netic trees were constructed with maximum likelihood (ML)
using RAXML 7.2.8 (Stamatakis 2006) under the GTR +
CAT model with partitioned codons for COI. Support for
individual nodes was determined by 1000 bootstrap repli-
cates. Bayesian trees were inferred using MrBayes 3.2
(Ronquist et al. 2012) under the GTR + gamma model for
3 million generations with two independent runs, a sampling
frequency of 1000 and a burn-in of 300 trees. A combined
dataset was also produced with the ITS and COI regions
partitioned (plus codons in COI). Preliminary trees posi-
tioned Landsburgia as the most closely related genus to
Cystophora, and Landsburgia quercifolia Harvey was chosen
as the outgroup in all subsequent analyses.

The utility of genetic species delimitation methods using
the DNA barcoding region of COI to recover morpholog-
ically identified samples was tested using three methods for
COI and ITS: (1) distance-based [Automatic Barcode Gap
Discovery (ABGD), web last modified 17 August 2016;
Puillandre et al. 2012], (2) a tree-based method [Poisson-Tree
processes (PTP); Zhang et al. 2013] and (3) a model-based
method [Generalized Mixed Yule Coalescent (GMYC); Pons
et al. 2006; Monaghan et al. 2009; Fujisawa & Barraclough
2013]. All analyses were run with both the full dataset and a
reduced dataset with identical sequences removed. ABGD
was run with the following settings: P, =0.001, P.x=0.1,
steps = 10, X (relative gap width) = 1.0, Nb bin (distance
distribution) = 20 and Jukes-Cantor (JC69) or Kimura (K80)
parameter models. We used the Bayesian variant of the PTP
method (bPTP). The current version of the software
(October 2016) used our RAXML COI, ITS and combined
gene trees with 100,000 Markov chain Monte Carlo
generations and thinning every 100. The ultrametric tree
for GMYC was generated with BEAST 2.1 (Drummond et
al. 2012) from COI and ITS alignments after removing
identical sequences. A coalescent constant size tree prior
(Kingman 1982) was set under an uncorrelated lognormal
relaxed clock and GTR + gamma + invariant sites model.
The analysis was set for 10 million generations and a
sampling frequency of 1000. Before performing the GMYC
analyses, we checked the estimated sample size with Tracer
1.6 (Rambaut et al. 2014); sampling was continued until
effective sample size values were > 200. The maximum clade
credibility tree was computed using TreeAnnotator 1.8.3
(Drummond etz al. 2012). The resulting ultrametric tree was
imported into the GMYC web server, running the single
threshold (sGMYC, Pons et al. 2006).

Another approach, based on statistical parsimony, sepa-
rates groups of sequences into different networks if the
haplotypes are connected by long branches that are affected
by homoplasy (Hart & Sunday 2007). Networks were created
using TCS 1.21 (Clement et al. 2000) to which the sequences
could be joined with 95% confidence.

Receptacle length, width (wider axis of compressed
receptacle) and breadth (narrower axis of compressed
receptacle) of herbaria specimens of Cystophora scalaris

J.Agardh and Cystophora distenta J.Agardh were measured
with digital callipers. In three specimens, selected as
representing the range of receptacle size, measurements were
taken of fresh receptacles. These receptacles were then air-
dried and re-measured using a factor estimated by regression
to determine a multiplier to convert measurements from
herbarium specimens to the equivalent fresh dimensions.
Analyses of variance (ANOVAs), implemented in SPSS16,
were used to test for significant differences between mean
dimensions. In addition to these specimens, herbaria
specimens of all New Zealand species of Cystophora were
examined from WELT, and our collections and additional
measurements were made to determine the range of
character dimensions for revised descriptions.

RESULTS

Species identification

Most specimens were readily identified to species level using
characters specified by Womersley (1964, 1987; Table S2).
However, some specimens were difficult to assign to species
using existing keys and morphological characters. For
example, we found morphological intermediates between
Cystophora retroflexa (Labillardiere) J.Agardh and Cysto-
phora subfarcinata (Mertens) J. Agardh. We were often unable
to clearly distinguish Cystophora distenta from Cystophora
scalaris, or Cystophora congesta Womersley & Nizamuddin ex
Womersley from Cystophora retroflexa using morphological
data. Thus, our final dataset included 12 morphological
species.

Phylogeny and species delimitations

We successfully amplified the COI region from 108 specimens
of Cystophora (Genbank Accession numbers GU289232—
GU289344; Table S1), with the resulting phylogeny of both
the full dataset (Fig. S1) and the reduced dataset (with
identical sequences removed) being similar (Fig. 2); thus, our
discussion will focus on the reduced data set. Cystophora
moniliformis (Esper) Womersley & Nizamuddin was sister to
the other species of Cystophora. The remaining morphospecies
of Cystophora had strong [e.g. C. scalaris, C. torulosa (R.
Brown ex Turner) J.Agardh] to moderate support [e.g. C.
retorta (Mertens) J.Agardh, C. siliquosa J.Agardh, C.
subfarcinata (Mertens) J.Agardh]. Cystophora subfarcinata
and C. retroflexa/C. congesta were sister species but poorly
resolved, as were C. torulosa and C. scalaris/C. distenta. There
was no phylogenetic support for separating samples identified
as C. retroflexa from samples identified as C. congesta, nor
between samples identified as C. scalaris from samples
identified as C. distenta (Fig. S1).

Genetic species delimitation methods delimited species of
Cystophora differently when using the full COI dataset
compared with the reduced dataset. The full dataset indicated
ten species (PTP), nine species (ABGD) and two species
(TCS). The reduced dataset indicated nine species (PTP), two
species (ABGD) and six species (GMYC) within Cystophora.
bPTP was able to distinguish C. subfarcinata from C.
retroflexa/C. congesta using the full dataset but placed them
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Fig. 2. Majority-rule consensus tree generated from the MrBayes analysis of the reduced COI dataset (identical sequences removed). Values
on branches = Bayesian posterior probabilities (PP) followed by ML bootstrap percentages (BP). Values below < 0.7 PP and 50% BP not
shown. WELT voucher numbers shown (see Table S1 for details). Species delimitations indicated on right (for methods, see text). Samples in
bold from New Zealand. Scale bar indicates the number of mutations per site. Outgroup is Landsburgia quercifolia.

in the same genetic species using the reduced dataset. ABGD
grouped C. subfarcinata and C. retroflexa/C. congesta (full
dataset) but was able to separate only C. moniliformis using
the reduced dataset (Fig. 2). GMYC, using the reduced data
set, was not able to separate the morphospecies C. subfarci-
nata/C. retroflexa/C. congesta/Cystophora monilifera
J.Agardh, nor C. retorta/C. siliquosa J.Agardh.

The ITS dataset consisted of 47 specimens of Cystophora,
plus the outgroup Landsburgia quercifolia (Genbank accession
numbers GU289345-GU289392). The phylogeny was similar
to the COI dataset but with some incongruences. Cystophora
moniliformis was again sister to the remaining species but there
was moderate support for the grouping of C. subfarcinata and
C. torulosa (Fig. S2). Consistent with COI, phylogenies were
not able to separate C. retroflexa from C. congesta nor C.
scalaris from C. distenta. Species delimitation methodologies
were not completely congruent with morphospecies. For
example, PTP grouped many species into one large species
group. On the other hand both ABGD and GMYC were
congruent, indicating eight species of Cystophora. These two
methods could not separate specimens identified as C.

retroflexa/C. congesta or C. scalaris/C. distenta, and did not
separate C. subfarcinata from C. torulosa.

Analyses of combined COI and ITS data produced trees
with reasonable support for most nodes but did not separate
C. congesta/C. retroflexa and C. scalaris/C. distenta and did
not show support for the position of Cystophora platylobium
(Fig. 3). Most morphospecies were recognized by both bPTP
and ABGD (although C. platylobium samples from New
Zealand and Australia were recognized as separate genetic
species with bPTP and ABGD), but again these combined
data did not separate C. congesta from C. retroflexa nor C.
scalaris from C. distenta.

Morphology of Cystophora scalaris and Cystophora distenta

Specimens identified as C. scalaris and C. distenta showed a
wide range of receptacle forms, often with high levels of
variation even on a single thallus (Figs 4, S3). Specimens from
highly exposed locations (e.g. specimens 17-20, or WELT
A030908-10 and WELT A031345 in Fig. 4) showed reduced
receptacle lengths (below 1 mm). Neither length nor width-to-
breadth ratios (a measure of compression of the receptacle)
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Fig. 3. Majority-rule consensus tree generated from the MrBayes analysis of combined COI and ITS datasets. Values on branches = Bayesian
posterior probabilities (PP) followed by ML bootstrap percentages (BP). Values below < 0.7 PP and 50% BP not shown. WELT voucher
numbers shown (Table S1 for details). Species delimitations indicated on right (for methods see text). Samples in bold from New Zealand.
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showed clusters. ANOVA analysis of log-transformed data
showed significant (P < 0.01) differences between means in the
data but post hoc tests (Tukey’s honest significant difference
pairwise and range tests) showed that significant differences
existed only between outlier data. For example, mean length
of receptacles from specimens 4 (WELT A031337) and 15

(WELT A0AO031335) (in Fig. 4A) were significantly different
from specimens 16-20 (WELT A031345, WELT A030908-10)
and 22 (WELT A030922) but differences between both groups
and intermediate specimens were not significant (P > 0.05).
Similarly, specimens with the greatest receptacle width-to-
breadth ratios [specimens 13 (WELT A031336) and 25
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(WELT AO030933) in Fig. 4B] showed significant differences
from those specimens with the lowest ratios [specimens 11, 19
(WELT A030905, WELT A030908) and 26 (WELT A030906)
in Fig. 4B] but none of these specimens showed significant
differences from intermediate sized specimens. The morpho-
logical results strongly suggest that C. scalaris and C. distenta
represent a single undistinguishable species.

Haplotypes of Cystophora congesta from Cystophora
retroflexa

Four mitochondrial spacer haplotypes were found in Cys-
tophora retroflexa and C. congesta (haplotypes A-D). Two
haplotypes associated with C. subfarcinata were included
(haplotypes E, F) in the haplotype network (Fig. 5; Table S3)
(Genbank accession numbers JF309051-JF309070). Four
specimens identified as either C. retroflexa or C. congesta
were separated by a single change in each case (Fig. 5).
Specimens with two haplotypes (B, C) were identified as either
C. congesta or C. retroflexa. Only one specimen identified as
C. congesta (WELT A031508 from Robe, South Australia)
had a unique haplotype (Haplotype A; Fig. 5). Intermediates

@ ‘

Fig. 5. Statistical parsimony network inferred from 20 mitochon-
drial spacer sequences of (A-D) Cystophora retroflexa and C.
congesta and (E, F) C. subfarcinata. Estimated at 95% confidence.
Haplotypes B and C include both C. retroflexa and C. congesta
morphotypes. Number of samples in brackets.
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in morphology between C. retroflexa and C. congesta were
also found (Fig. S4). These results suggest that C. retroflexa
and C. congesta cannot be distinguished as separate species.

DISCUSSION

We showed that by using a combined COI and ITS dataset
and genetic species delimitation methods, we are able to
confirm the species status of many of the most common
species of Cystophora in New Zealand and southern
Australia. Most of the specimens of Cystophora investigated
were identifiable by using existing morphological species
descriptions. However, using the COI dataset alone, genetic
species delimitation methods in some cases did not match
morphologically identified species, and clustered morpho-
logical species into a single group. For example, C.
retroflexa/C. congesta/C. subfarcinata were often grouped
together (Figs 2, S1 with GMYC and ABGD, respectively).
This lower number of delimitated species was especially
evident with ABGD and TCS. It appears that COI alone is
not able to separate all morphospecies in Cystophora.

While using DNA sequences to identify algae is an
established technique (e.g. Lane & Saunders 2005; Fox &
Swanson 2007), a prerequisite for extending this case-by-case
molecular identification into a DNA barcoding system is to
firmly establish the utility of one gene for identifying a wide
range of species. Some previous studies using COI barcoding
have either not discriminated species (Lane et al. 2007); not
sampled sufficiently across relevant species ranges, risking
underestimating intra-specific divergence (Kucera & Saun-
ders 2008); or not found a gap between intra- and inter-
specific genetic distances (Mattio & Payri 2010). There are
some reasons for this inability of a single mitochondrial
marker to separate species: (1) differences in mutation rates
between genes, age of species (Silberfeld ez al. 2013); (2)
concomitant incomplete lineage sorting of mitochondrial
markers (Leliaert et al. 2014); and (3) the taxonomic
oversplitting of morphological variation in genetically
similar, or near identical, species.

Species delimitation methods using combined analysis of
COI and ITS datasets more closely matched morphospecies
descriptions using two methods: ABGD and bPTP (GMYC
was not used, as the two markers are unlinked with different
coalescent histories). The increased resolution with multiple
markers has been shown in several studies (e.g. Montecinos
et al. 2017) and provides evidence in Cystophora that most
morphologically recognized species are genetically support-
ed. Two pairs of closely related species of Cystophora (C.
distenta/C. scalaris and C. retroflexa/C. congesta) were not
separated by any combination of genes or morphological
analyses.

Besides the previously mentioned species, some taxa were
morphologically difficult to separate. Cystophora retroflexa
and C. subfarcinata can resemble one another when young,
infertile or stunted, but we were able to distinguish fertile
specimens by shape of the conceptacle. In C. subfarcinata the
conceptacle is spherical or subspherical; in C. retroflexa the
conceptacles are elongate.

Cystophora siliquosa and C. retorta share complanate
branched laterals, rounded axils and relatively straight main
axes. Presence of vesicles is a diagnostic character for C.
retorta but this is of limited value since vesicles are absent on
some specimens (Womersley 1964, 1987). We were unable to
distinguish species by the shape of the main axis (a character
specified by Womersley 1987; see Table S2), and microscopic
examination of conceptacles for determination of monoecy
(for C. retorta) or dioecy (for C. siliquosa) was required to
confidently assign specimens to species. In both these species
pairs, low morphological divergence and plasticity made
species assignments difficult.

Cystophora scalaris and C. distenta did not separate in any
molecular analysis. Cystophora distenta was described by J.
Agardh based on material from the Chatham Islands
(Agardh 1870). The species has been reported from
Wellington, New Zealand, southward and the Chatham
Islands (Lindauer et al. 1961). It is similar to C. scalaris but
with longer, broader and more torulose receptacles, but
dimensions given by Womersley (1964) overlap (Table S2).
Three specimens collected from the Chatham Islands and the
South Island of New Zealand were considered sufficiently
morphologically distinct to assign to C. distenta; whereas,
other specimens showed intermediate morphologies and
were assigned to C. scalaris. Analysis of receptacle shape
did not show any significant pattern of morphological
differences between samples or between samples from
different areas.

Cystophora retroflexa and C. congesta are morphological-
ly similar and were not distinguished in any molecular
analysis (Figs 2, 3). Rather, haplotypes and ribotypes from
C. congesta and C. retroflexa were intermixed. Womersley
(1964, 1987) separated these species by vegetative characters
but accepted that intergrades occurred. Cystophora retro-
flexa has longer (20-60 mm) receptacles and a more openly
branched habit. Cystophora congesta has shorter (15-30 mm)
receptacles and tufted laterals and ramuli, and usually ridges,
on the primary axes. We assigned seven specimens to C.
congesta, including three from the type locality (Robe, South
Australia) but some species assigned to C. retroflexa (e.g.
WELT AO031533) tended toward a C. congesta—like mor-
phology (Fig. S4). We consider that morphological charac-
ters used to separate C. distenta/C. scalaris and C. retroflexa/
C. congesta are continuous, and in the absence of molecular
divergence oversplitting is probable.

While this is the best data available, DNA sequencing of a
few markers may still not be able to resolve relationships
between closely related sister species. Alternate methodolo-
gies, for example genotype-by-sequencing, have shown that
single nucleotide polymorphisms (SNPs) can resolve previ-
ously unresolved relationships between species of Durvillaeca
(Fraser et al. 2016). Plus, microsatellite data can confirm
species status and reveal hybridization (e.g. in Fucus,
Wallace et al. 2004; Perrin et al. 2007; Pereyra et al. 2009).

Our genetic data confirms that three species of Cystophora
(C. retrofiexa, C. torulosa, C. platylobium) are found both in
New Zealand and Australia. Genetic studies indicate that
floating species are likely to continue to have gene flow even
between distant populations (Fraser er al. 2009; Macaya &
Zuccarello 2010; Buchanan & Zuccarello 2012).



We were unable to confirm Cystophora cymodoceae
Womersley & Nizamuddin ex Womersley or C. cuspidata
J.Agardh by either morphological characters, genetic distance
or species delimitation analyses. We found no evidence for a
distinct obligate epiphyte species equivalent to C. cymodoceae
(Womersley 1987), despite sampling epiphytic specimens (e.g.
WELT A031520, WELT A031502) from the type locality of
C. cymodoceae (Duttons Beach, Victoria). No specimens
could be unequivocally assigned to C. cuspidata. Cystophora
cuspidata and C. subfarcinata are separated according to the
arrangement and development of conceptacles (Womersley
1987). Cystophora cuspidata has receptacles that are broader
(1.5-4 mm), with the lower conceptacles less scattered and
arranged in two or three rows. Cystophora subfarcinata has
narrower [(5-)10-30(=50) mm long X 1-2 mm] receptacles
with usually scattered conceptacles. These characters inter-
grade, and some specimens could have been assigned to either
species (e.g. WELT AO031517). Specimens resembling C.
cuspidata clustered with C. subfarcinata in the molecular
analyses. We agree with Womersley (1987) that C. cuspidata is
probably only a form of C. subfarcinata but we did not sample
from the type locality of C. cuspidata (Encounter Bay, South
Australia), nor did we find any specimens with conceptacles as
prominent as those illustrated by Womersley (1987, fig. 149 H,
p- 403). Therefore, we do not reduce C. cuspidata to
synonymy with C. subfarcinata but recommend further work
on these species.

In conclusion, we found no molecular evidence for the
separate species status of C. distenta and C. congesta and
suggest that further work is required to confirm the status of
C. cuspidata and C. cymodoceae, plus other species of
Cystophora from further west in southern Australia that
were not sampled. Other sampled species were well
supported by both morphological and molecular data. Our
results suggest that COI barcoding might have utility in
fucalean brown algae where delimiting closely related or
sister species is not an issue (for example, in studies
identifying invasive algae, or studies where generic identity
of cryptic life stages is sufficient). For taxonomic decisions, a
combination of markers, algorithmic species delimitation
methods and careful re-examination of specimens is recom-
mended. We also provide a revised key to the species of
Cystophora in New Zealand (Table S4).

Taxonomic amendments

CYSTOPHORA CONGESTA AND CYSTOPHORA RETROFLEXA. Ac-
cording to Womersley (1964, p. 87) ‘C. congesta is most
closely related to C. retroflexa, differing in the denser laterals
and secondary axes, shorter receptacles and thicker, more
rigid, primary axis. Occasional intergrades between these
species occur’. Womersley then separated the species entirely
on these vegetative characters, all of which are variable in
other species of Cystophora. For example, specimens of C.
retorta can have a thick primary axis and zig-zag laterals
bearing fascicled ramuli and receptacles, and other speci-
mens have a thin primary axis, with straight and sparsely
branched laterals (Fig. S5).

Some specimens could be easily assigned to Cystophora
retroflexa or C. congesta using Womersley’s criteria but
many specimens were intermediate and could be assigned to
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either species (Fig. S4). In other species of Cystophora, for
example in C. siliguosa and C. subfarcinata (see dimensions
in Womersley 1964), the presence of intergrades and the
absence of genetic differentiation suggest the plasticity of
these characters is inadequate for inferring distinct species.

Cystophora retroflexa (Labillardiere) J.Agardh

REFERENCES: Womersley 1964, p. 89, figs 31, 32, pl. 10; Womersley
1987, p. 396, fig. 2, figs 132 1, 146B, 149B, C. (as C. congesta).

HETEROTYPIC SYNONYM: Cystophora congesta Womersley &
Nizamuddin ex Womersley 1964, p. 86, fig. 30, pl. 9, fig. 2;
Womersley 1987, p. 394. figs 146A, 149A.

AMENDED DESCRIPTION: Thallus brown, 0.3—1.5(-2) m high, with the
primary axes bearing alternate laterals and secondary axes. Holdfast
discoid—conical, 3—15 mm diameter, with a short, terete stipe; epilithic.
Primary axes compressed, 3—12 mm broad below and 1-4(—5) mm
thick, 2-6(—10) mm broad above, narrow edged; fairly straight to zig-
zag and scalariform; alternately distichously branched from the face
of the axes; lower parts often denuded with prominent residues, each
branch position giving rise to 1(-3) determinate laterals and 1(-2)
indeterminate laterals; lower laterals usually retroflex, often with
broad basal wings. Laterals determinate or indeterminate;
determinate laterals arising from the edge of an outgrowth of the
main axes, 20-100 mm long, with usually irregular radial, sometimes
subtristichous or subdistichous branching, bearing ramuli, sometimes
developing into receptacles; lower determinate laterals often with
enlarged and flattened ramuli. Indeterminate laterals arising from the
centre of outgrowths from the axes, 20-300 mm long; initially terete,
becoming flattened, alternately distichously branched; becoming
slightly to strongly zig-zag; bearing determinate secondary laterals
and/or secondary indeterminate laterals. Ramuli 20-40(—50) mm long,
0.4-2(-3) mm broad. Ramuli on lower laterals sometimes enlarged
and flattened. Vesicles ovoid, becoming subspherical when old;
replacing basal (or lower two) ramuli of laterals, stalked, mutic, 4
12(-15) mm long and 3-10(—12) mm broad.

REPRODUCTION: Thalli monecious. Receptacles usually simple,
occasionally branched, compressed, margins undulate to torulose
when fresh, often strongly torulose when dried, 15-50(—60) mm long
and 1-2(—4) mm broad, attenuate at apex usually with sterile terminal
awn, awn sometimes with scattered conceptacles, with two rows of
conceptacles along the margins; conceptacles bisexual, ostioles along
the margin.

TYPE LOCALITY: ‘Cape van Diemen’ (southern Tasmania).
HOLOTYPE: FI (Herbarium Webbianum).

DISTRIBUTION: Australia: Womersley (1964) reports the species from
Bondi (Sydney), New South Wales. We found specimens from Kiama,
NSW southward. We have not ascertained the western limit of C.
retroflexa in Australia. Womersley (1987) reports the western limit as
‘from Cottesloe to Nannarup (Albany), Western Australia, and from
Kangaroo I’. Tasmania; New Zealand, Chatham Islands.

CYSTOPHORA DISTENTA AND CYSTOPHORA SCALARIS. Agardh
(1870) described Cystophra scalaris and C. distenta from the
Chatham Islands but regarded them as contracted and
distended forms of the same species, stating ‘C. scalarem &
C. distentam esse ejusdem specie formas — unam contractam,
alteram distentam’ (Agardh 1870). [‘C. scalaris and C.
distenta are forms of the same species — one contracted and
the other distended’.] De Toni (1895, p. 141) also stated that
C. distenta was ‘Anne forma laxa C. scalaris J. Ag.?.
Treatment as separate species seems to have begun with
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Laing (1901), who reported both forms as species without
comment and continued to do so in further publications
(Laing 1927). Lindauer (1947) followed Laing in listing these
as separate species [but followed Gardner (1913) by using the
generic name Blossevillea]. Lindauer (1947) gave the
distribution of C. distenta (as Blossevillea distenta) as
Chatham Islands and Stewart Island but noted that in
Stewart Island ‘the habit of the plant is less typical’ (p. 560).
Lindauer et al. (1961) reported the two entities as separate
species, as did Womersley (1964, 1987), Nelson et al. (1991,
1992) and Adams (1994). Womersley (1964, p. 91) described
C. distenta and C. scalaris as separate species, ‘differing in
the more compressed and longer receptacles, straighter and
less robust axis, and looser branching’ [in C. distenta). This is
unhelpful because the dimensions of the axis and looseness
of branching are variable in many species of Cystophora (for
example, in C. retorta; Fig. S5), and receptacle dimensions
provided by Womersley (1964) and Lindauer et al. (1961),
for these species overlap. Receptacles are variable in length
in C. scalaris (Fig. 4), and our observations suggest
compression is related to the reproductive state of the
receptacle. Receptacle dimensions are highly variable, even
on a single thallus.

Since we cannot separate Cystophora scalaris and C.
distenta using morphological or molecular data, we consider
the assessment of Agardh (1870) to be correct and regard C.
distenta as a form of C. scalaris. The latter name has priority
and is in more common usage (e.g. Morton & Miller 1968;
Shears & Babcock 2007).

Cystophora scalaris J.Agardh (1870, p. 442)

REFERENCES: Womersley 1964, p. 82, figs 22, 23, pl. 7, fig. 2;
Womersley 1964, p. 82, figs 22, 23, pl. 7, fig. 2 (as C. distenta).

HETEROTYPIC SYNONYM: C. distenta J.Agardh (1870, p. 442).

AMENDED DESCRIPTION: Thallus brown, (0.1-)0.3—1 m long, with the
primary axes bearing alternate, openly to densely branched laterals
and secondary axes. Holdfast discoid-conical, 5-20 mm diameter,
with a short, terete stipe; epilithic. Primary axes strongly flattened, 3—
15(-20) mm broad and 2-3 mm thick, strongly zig-zag and
scalariform to fairly straight; lower parts often denuded with
scalariform residues, alternately distichously branched from the face
of the axis, with each branch position producing 1(-2) indeterminate
secondary axes from the centre of the face and/or (0-1)-2 determinate
laterals from the edge of the scales; laterals 10-30(-50) mm apart;
secondary and tertiary axes similar, 20-80 cm long, initially terete,
becoming flattened, strongly zig-zag and scalariform to fairly straight;
lower parts of primary, secondary and older tertiary axes usually
denuded, with prominent, close-set scalariform residues and markedly
broader basal wings on the primary (and often secondary) axis at
branch positions. Laterals 20-80(-100) mm long, complanately
branched, often bifurcate at their base, then alternately distichous
with ramuli also alternately distichous; with acute to rounded axils;
ultimate ramuli terete to compressed, 5-10(—30) mm long, 1-3(—4) mm
broad. Ramuli of lower laterals on main axis often enlarged and
flattened. Vesicles sparse to numerous; replacing lower 1 to 2 or more
ramuli of the lateral of each bifurcation, subspherical to slightly
ovoid, stalked, mutic, 2-8(-12) mm diameter.

REPRODUCTION: Thalli monoecious, receptacles developed from
ultimate ramuli, simple or occasionally branched, ovoid to com-
pressed in section, 10-50 mm long, (0.5-)1-3 mm broad and 1-1.5 mm
thick, elongate; margins undulate to strongly torulose. Conceptacles

bisexual, ostioles in two rows along the margins of the receptacle,
rarely in three rows.

TYPE LOCALITY: Chatham Islands.
LECTOTYPE: LD (Herbarium Agardh, No. 1113).

DISTRIBUTION: New Zealand, from Wellington southward; Chatham
Islands, Auckland Islands.
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