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Wittrockiella is a small genus of filamentous
green algae that occurs in habitats with reduced
or fluctuating salinities. Many aspects of the basic
biology of these algae are still unknown and the
phylogenetic relationships within the genus have
not been fully explored. We provide a phylogeny
based on three ribosomal markers (ITS, LSU, and
SSU rDNA) of the genus, including broad
intraspecific sampling for W. lyallii and W. salina,
recommendations for the use of existing names
are made, and highlight aspects of their
physiology and life cycle. Molecular data indicate
that there are five species of Wittrockiella. Two
new species, W. australis and W. zosterae, are
described, both are endophytes. Although W. lyallii
and W. salina can be identified morphologically,
there are no diagnostic morphological characters

to distinguish between W. amphibia, W. australis,
and W. zosterae. A range of low molecular weight
carbohydrates were analyzed but proved to not be
taxonomically informative. The distribution range
of W. salina is extended to the Northern
Hemisphere as this species has been found in
brackish lakes in Japan. Furthermore, it is shown
that there are no grounds to recognize W. salina
var. kraftii, which was described as an endemic
variety from a freshwater habitat on Lord Howe
Island, Australia. Culture experiments indicate that
W. australis has a preference for growth in lower
salinities over full seawater. For W. amphibia and
W. zosterae, sexual reproduction is documented,
and the split of these species is possibly
attributable to polyploidization.
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ribosomal subunit; ML, maximum likelihood; rDNA,
ribosomal DNA; SSU, small ribosomal subunit

Wittrockiella Wille is a poorly known genus of
branched filamentous green algae with few species
that occur predominantly in brackish environments.
It is a fascinating genus with regard to morphology,
habitats, and distributions. Wittrockiella contains taxa
with such an unusual combination of characteristics
that Wille (1909), when he described the type spe-
cies, Wittrockiella amphibia (Collins) Boedeker &
Hansen (= W. paradoxa Wille), placed it in its own
family, the Wittrockiellaceae. Wittrockiella was origi-
nally placed in the order Chaetophorales, which
included algae that have branched filaments and
produce both hairs and orange akinete-like cells.
Fritsch (1935), however, placed this genus in the
Cladophorales because the cells are multinucleate
and have reticulate chloroplasts. Fritsch’s assessment
has been supported by recent molecular studies
(Hanyuda et al. 2002, Yoshii et al. 2004, Boedeker
et al. 2012). The genus is now placed within the
family Pithophoraceae, which is sister to the Siphono-
cladus clade and the Cladophoraceae (Boedeker
et al. 2012).

The simple filamentous morphology of the Clado-
phorales without specialized structures results in few
diagnostic morphological characters, and in addi-
tion phenotypic plasticity and convergent evolution
are widespread in this order (van den Hoek 1963,
Leliaert and Boedeker 2007, Leliaert et al. 2009a,b,
Boedeker et al. 2012, 2016). Therefore, the Clado-
phorales are notorious for being a systematic chal-
lenge, and taxonomic confusion exists at all levels,
from species and genera to families and orders.
However, with the use of molecular data progress in
our understanding of the evolutionary history of the
Cladophorales has been made, and the taxonomy
has been adapted accordingly in recent years (Leli-
aert et al. 2009a,b, Boedeker et al. 2012, 2016, Ichi-
hara et al. 2013).

In addition to the mainly brackish genus Wittrock-
iella, the Pithophoraceae contains several species-
poor, predominantly freshwater genera: Aegagropila,
Aegagropilopsis, Arnoldiella (Basicladia), and Pitho-
phora. Wittrockiella is typically found in habitats with
reduced or fluctuating salinity (e.g., saltmarshes,
mangroves, intertidal rocks with freshwater influx,
brackish lakes), but also freshwater waterfalls and
moist soil surfaces.

The members of this genus share a heterotric-
hous growth form, with creeping main axes that
produce relatively short upright filaments. There is
no holdfast, but rhizoids can be formed in all cells
along stolonoid axes, and can develop from any part
of the cell. The heterotrichous thallus organization
is thought to be an adaptation to cope with change-
able environments, as the prostrate stratum of fila-
ments is more protected, retains more moisture,

and can persist during unfavorable conditions while
the upright filaments allow for harvesting light
(Fritsch 1944, Boedeker 2010, Boedeker and Han-
sen 2010). Still little is known of the morphological
variability in species of Wittrockiella, and features of
reproduction, karyology, life history, or cytology at
the light or electron microscopic levels remain virtu-
ally unknown. Wittrockiella currently contains seven
described species (two of them have two varieties),
after molecular data led to the inclusion of Clado-
phorella (Boedeker et al. 2012). The species have tra-
ditionally been separated on the basis of vegetative
cell dimensions (Chapman 1949, 1956, Islam 1964,
van den Hoek et al. 1984, Galicia-Garc�ıa and Novelo
2000).
The type species Wittrockiella amphibia occurs in

salt marshes on the Atlantic coasts of Europe (Wille
1909, Polderman 1976, Calvo et al. 1999, Hardy and
Guiry 2003) and North America (Collins 1912,
South 1989) and has been reported from the Pacific
coast of North America (Collins 1907, South 1981,
Boedeker and Hansen 2010). The alga was origi-
nally found on salt marsh soils, but both Polderman
(1976) and South (1981, 1989) also found it endo-
phytic in salt marsh phanerogams. Wittrockiella calci-
cola (Fritsch) Boedeker is a (sub) tropical sub-aerial
species that was described from a greenhouse in the
Cambridge Botanical Gardens (as Cladophorella calci-
cola; Fritsch 1944) on moist limestone. The species
has also been reported from a semi-marine cavern
in Australia (Cribb 1965), as well as from moist
stone and mud and twigs in Bangladesh (as var. cal-
cicola; Islam 1964), and also from freshwater envi-
ronments in China (Liu 1999). Two more species
have been described from the Indian subcontinent,
W. fritschii (A.K. Islam) Boedeker growing on moist
stones and twigs and W. sundarbanensis (A.K. Islam)
Boedeker growing on mud surfaces in brackish
waters, both originally placed in Cladophorella. Also
Wittrockiella netzhualpillii (Galicia & Novelo) Boede-
ker, previously in Cladophorella, is only known from a
single location, an inland brackish water well in
Mexico, and differs from the other members of the
genus in its mode of spore formation (Galicia-
Garc�ıa and Novelo 2000). Wittrockiella salina V.J.
Chapman has been reported from marine intertidal
and brackish environments in New Zealand and
Australia (Chapman 1949, 1956, van den Hoek and
Womersley 1984, van den Hoek et al. 1984).
Another species from New Zealand, Cladophorella
marina Chapman, was later synonymized with
W. salina (Beanland and Woelkerling 1982). In a
few brackish ponds in Gippsland, southeastern Aus-
tralia, W. salina forms floating balls of intertwined
filaments (van den Hoek et al. 1984), similar to the
lake balls of Aegagropila linnaei K€utzing (see Niiyama
1989, Boedeker et al. 2010b). Wittrockiella salina is
reported in one freshwater location, an inland
waterfall on the remote Australian Lord Howe
Island, and this population has been described as

2 CHRISTIAN BOEDEKER ET AL.



the endemic variety W. salina var. kraftii Skinner &
Entwisle (Skinner and Entwisle 2004). Wittrockiella
lyallii (Harvey) C. Hoek et al. has a disjunct distribu-
tion between southern New Zealand and southern
Chile (Chapman 1956, Adams 1994, Boedeker et al.
2010a), and previously was placed in Cladophoropsis
(as C. lyallii (Harvey) Chapman and C. brachyarthra
(Svedlius) Wille). As is characteristic for Wittrockiella,
this species typically occurs in habitats with reduced
salinity, such as intertidal rocks under overhanging
vegetation in high rainfall areas or brackish bays
and fjords of almost freshwater character (Svedelius
1900, Nelson et al. 2002, Boedeker et al. 2010a).
Morphologically, W. lyallii is the most distinct spe-
cies of the genus, with coarse filaments up to
740 lm in diameter (Boedeker et al. 2010a).

Molecular phylogenies have shown that Wittrock-
iella lyallii is sister to the rest of Wittrockiella, but very
few sequence data are available for the genus and
only six specimens were included (Boedeker et al.
2012). An unidentified species from Australia that
did not conform to the descriptions of W. salina or
W. calcicola was shown to be closely related to W. am-
phibia (Boedeker et al. 2012). There are no molecu-
lar data for W. calcicola (despite a sequenced
specimen labeled W. calcicola in Boedeker et al.
2012, see discussion of this study), W. fritschii,
W. netzhualpilii, W. salina, and W. sundarbanensis.

In this study, we have considerably increased the
taxon sampling and aim to clarify the phylogenetic
relationships of the species of Wittrockiella based on
SSU, LSU, and ITS rDNA sequences, to investigate
the genetic variation within species, to re-assess our
knowledge of distribution ranges and to revise the
taxonomy of the genus.

MATERIALS AND METHODS

Taxon sampling and morphological identification. More than
70 specimens of Wittrockiella were investigated in the course
of this and earlier studies (Table S1 in the Supporting Infor-
mation). Of those, 24 collections of Wittrockiella were selected
and used for the phylogenetic analyses (Table 1), including
nine collections each for W. salina and W. lyallii that cover
(and extend) their known distributional range. Samples of
W. salina included the unattached ball-form from Gippsland,
the freshwater variety from a waterfall on Lord Howe Island,
as well as novel findings of this species from brackish lakes in
Japan. In addition to multiple samples from mainland New
Zealand, collections of W. lyallii included Stewart Island, the
Chatham Islands, the sub-Antarctic Snares Islands as well as
two collections from Chile. These specimens, either fresh,
preserved in formalin or ethanol, or reconstituted from
herbarium material, were examined with an Olympus SZX10
stereomicroscope and an Olympus BH2 light microscope
(Olympus Optical Co. GmbH, Hamburg, Germany), and
images were taken with a connected digital camera (Color-
View Illu, Olympus Soft Imaging Systems, M€unster, Ger-
many). All specimens were identified morphologically, as far
as possible.

Two unidentified specimens from Australian mangroves
were collected at the same site at different times of the year

as endophytes in the bark of Avicennia marina (Forssk.) Vierh.
pneumatophores and subsequently isolated into unialgal cul-
tures (samples B92 and Q81; Table 1). One of these collec-
tions was used for culture experiments to infer
environmental preferences (see below).

Sample N77 (=culture collection CCMP/NCMA1672) was
previously identified, incorrectly, as Chaetosiphon moniliformis
Huber (O’Kelly and Floyd 1981, 1984, O’Kelly 1982, Chappell
et al. 1991), and was investigated karyologically and cytologi-
cally, together with the superficially similar sample N60
(W. amphibia, culture collection CCMP/NCMA1672). Both
samples N77 and N60 were cultured in f/2 enriched seawater
medium (Guillard and Ryther 1962) and incubated in con-
trolled-environment chambers at 10°C, 15°C, or 20°C under
fluorescent photon fluence rates (5–20 lmol pho-
tons � m�2 � s�1, 14:10 h light:dark photoperiod). Cultures
were treated with GeO2 (0.5 lg � mL�1 culture medium final
concentration), and streptomycin and/or penicillin G
(80 lg � mL�1 culture medium final concentration) as
needed to suppress diatom and cyanobacterial growth.

Culture experiments. Material from an unidentified species
of Wittrockiella (sample number Q81) was isolated into unial-
gal cultures excised from an Avicennia pneumatophore and
used for culture experiments under different environmental
conditions. The treatments lasted for 10 weeks. Experiments
were carried out in six-well trays with 10 mL of culture med-
ium in each well at ambient temperatures of 17°C–22°C. In
total, eight trays were used (the equivalent of 48 wells). Each
well was inoculated with 0.5 mL from a freshly shaken con-
tainer of 30 mL vortexed stock culture of suspended fila-
ments. Half of the trays were incubated without movement
(stationary) and the other half on a shaker at 70 rpm. Two
environmental variables were tested, irradiance levels and
salinity. In both stationary and shaking set-ups, two trays con-
tained full strength salinity medium (salinity of 30) and two
trays contained low salinity culture medium (salinity of 5). In
each set-up, both salinity treatments were exposed to high
irradiance (28–31 lmol photons � m�2 � s�1) and to low irra-
diance (4–5 lmol photons � m�2 � s�1). Of the six wells in
each tray, wells 1–4 contained only algal filaments and cul-
ture medium, well 5 contained a thin piece of balsa wood
and well 6 contained a piece of nylon mesh (150 lm mesh).
The balsa wood and the nylon mesh were added to see
whether spores settlement and germination success would dif-
fer on a range of substrates. After 10 weeks, the number of
colonies was counted in each well. A colony was defined as a
tuft of filaments that was visible to the naked eye; thus,
unbranched germlings were not counted. For each of the
eight treatments (the eight possible combinations of station-
ary vs. shaking culture, low vs. high irradiance, low vs. high
salinity), the number of colonies of the four wells without
additional substrate were pooled, and mean values with stan-
dard deviations were calculated. For the counts of colonies in
the wells with added balsa wood or nylon mesh as substrates
only, the absolute numbers of a single well per treatment
were available.

Karyological analyses. Chromosome counts of Wittrockiella
amphibia (sample number N60) and Wittrockiella material iso-
lated from Zostera leaves (sample number N77) were made
on cells mounted on microscope slides, drained of free water
with paper towels, and placed directly into Wittmann’s hema-
toxylin (Wittmann 1965) prepared without chloral hydrate.
Images were captured from cells mounted in the stain or
cleared after staining with 45% glacial acetic acid.

Molecular markers and phylogenetic analyses. A total of 24
samples was used in the phylogenetic analyses (Table 1), 23
collections of Wittrockiella and one from the outgroup (Pseudo-
cladophora conchopheria (Sakai) Boedeker, Pithophoraceae).
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Most samples were taken from cultured or field-collected
specimens which were preserved in silica gel, but DNA was
also extracted from ethanol-preserved or herbarium speci-
mens. Total genomic DNA was isolated using the Chelex
method (Goff and Moon 1993). Molecular phylogenetic anal-
yses were based on nuclear-encoded small subunit (SSU) and
partial large subunit (LSU) rDNA sequences as well as on the
more variable internally transcribed spacer regions ITS1 and
ITS2. The first ~590 nucleotides of the LSU rDNA were
amplified using the universal primers C01 forward and D2
reverse (Hassouna et al. 1984, Leliaert et al. 2003). About
1,700 base pairs (bp) of the SSU rRNA gene were amplified
using the primer pairs SR1-SS11H and SSU897-18SC2 (Leli-
aert et al. 2007). The whole ITS region was amplified with
the primers 9F and 7R (Hayakawa et al. 2012), resulting in
~1,000 bp long fragments. The length of the ITS1 region ran-
ged from 368 to 427 bp and the length of the ITS2 region

ranged from 331 to 369 bp, respectively, between Wittrockiella
species. For some samples, the ITS1 and ITS2 regions were
amplified separately (Table 1). ITS1 was amplified using the
primer pair ITS5-ITS2 and ITS2 was amplified using the pri-
mer pair ITS3-ITS4 (White et al. 1990).

PCR amplifications were carried out with an initial denatu-
ration step of 94°C for 5 min followed by 30–34 cycles of
1 min at 94°C, 1 min at 56°C–57°C for the LSU and SSU pri-
mers or at 63°C for the primers for the whole ITS region (9F
and 7R, see below) or at 50°C–54°C for the ITS1 and ITS2
primers, and 1 min at 72°C, and a final extension step of
5 min at 72°C. The reaction volume was 25 lL and consisted
of ~0.1–0.4 lg genomic DNA, 1.25 nmol of each dNTP, 6
pmol of each primer, 19 reaction buffer, 1–2.5 mM MgCl2,
0.005% BSA, up to 5 lL 5 M betaine, and one unit of Taq
polymerase. The annealing temperature for the primer pair
ITS1/ITS2 as well as the amounts of MgCl2 and betaine

TABLE 1. Specimens of Wittrockiella used in the phylogenetic analyses with collection data and GenBank accession numbers
(sequences generated in this study are indicated in bold). Pseudocladophora conchopheria was used as outgroup. n.i. = no
information.

Species Sample Habitat Location ITS1 ITS2 LSU SSU

Pseudocladophora
conchopheria
Boedeker & Leliaert

K99 Shimoda, Japan KY593940 KY593940 FR719951 AB062705

Wittrockiella amphibia N60 Epiphytic,
saltmarsh

Lopez Island,
Washington, USA

KY593941 GU384876 GU384874 AB078732

W. amphibian N73 Estuary, on mud Yaquina Bay, Oregon,
USA

n.i. GU384875 GU384873 GU384872

Wittrockiella australis
West & Boedeker sp.
nov.

B92 Avicennia
(November)

Jawbone Reserve,
Victoria, Australia

n.i. KY593942 FR719943 FR719931

Wittrockiella australis Q81 Avicennia (July) Jawbone Reserve,
Victoria, Australia

KY593943 KY593943 KY593960 KY593973

Wittrockiella “calcicola”
= W. zosterae sp. nov.

K92 Estuarine/brackish Lagoa de �Obidos,
Portugal

n.i. KY593944 FR719944 FR719932

Wittrockiella salina V. J.
Chapman

N88 Intertidal Kakamatua, New Zealand n.i. KY593945 n.i. KY593974

W. salina P71 Intertidal Kakamatua, New Zealand n.i. KY593946 KY593961 KY593975
W. salina P98 Intertidal Waitemata Harbour,

Auckland, New Zealand
n.i. n.i. KY593962 KY593976

W. salina Q67 Intertidal Tasman Bay, New
Zealand

KY593947 KY593947 KY593963 KY593977

W. salina var. kraftii S34 Freshwater
(waterfall)

Lord Howe Island,
Australia

KY593948 KY593948 KY593964 KY593978

W. salina S72 Brackish Lake Shinji, Japan KY593949 KY593949 KY593965 KY593979
W. salina (ball) Seq3 Estuarine/brackish Lake Bunga, Australia KY593950 n.i. n.i. KY593980
W. salina Seq4 Estuarine/brackish Nelson Lagoon, Australia KY593951 n.i. n.i. KY593981
W. salina Seq5 Brackish Lake Ogawara, Japan KY593952 n.i. n.i. KY593982
Wittrockiella lyallii H67 Estuary Bradshaw Sound, New

Zealand
n.i. GU220712 FN257512 AB062717

W. lyallii K76 Freshwater run-off Catlins, New Zealand n.i. GU936796 KY593966 KY593983
W. lyallii N61 Freshwater

seepage
Dring Island, Chile n.i. GU198504 GU198503 GU198502

W. lyallii N79 Intertidal Traiguen, Chile KY593953 KY593953 KY593967 KY593984
W. lyallii N89 Nairn river estuary Chatham Islands, New

Zealand
n.i. KY593954 KY593968 KY593985

W. lyallii P59 (drift) Stewart Island, New
Zealand

n.i. KY593955 KY593969 KY593986

W. lyallii P60 Freshwater layer Breaksea Sound, New
Zealand

n.i. KY593956 KY593970 KY593987

W. lyallii R16 Rocky ledge Snares Island, New
Zealand

KY593957 KY593957 KY593971 KY593988

W. lyallii Seq7 Freshwater layer Milford Sound, New
Zealand

KY593958 KY593958 n.i. AB062717

Wittrockiella zosterae sp.
nov.

N77 Endophytic in
Zostera

Whiffen spit, Lopez
Island, Washington,
USA

KY593959 KY593959 KY593972 KY593989
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varied depending on the amplification success of particular
specimens. Amplifications were checked for correct size by
electrophoresis on 1% agarose gels. PCR products were puri-
fied with Montage PCR filter units (Millipore, Billerica, MA,
USA) or with ExoSAP-IT� (USB Corporation, Cleveland, OH,
USA). Cleaned PCR products were commercially sequenced
(Macrogen, Seoul, Korea). The obtained sequences have
been deposited in GenBank (Table 1).

The LSU and SSU sequences were aligned separately using
MUSCLE (Edgar 2004) and then edited by eye in Se-Al
v2.0a11 (Rambaut 2007). ITS sequences were too divergent
between species to be aligned manually; therefore, two sepa-
rate approaches were taken: one dataset was created only con-
taining the less variable and thus alignable 5.8S region that
separates the two spacers, and another dataset was created
for the spacer regions using an automated alignment that is
based on secondary structure predictions (Q-INS-i, MAFFT
version 5; Katoh et al. 2005). For the final analyses, all mark-
ers were used in a concatenated dataset, resulting in one
alignment containing the SSU, LSU, and 5.8S sequences
(alignment length 2,525 bp) and another alignment contain-
ing the SSU, LSU, and ITS sequences (alignment length
3,582 bp). Both datasets were analyzed using Bayesian Infer-
ence (BI; Ronquist and Huelsenbeck 2003) and Maximum
Likelihood (ML). Corrected pairwise distances were calcu-
lated in PAUP* 4.0b10 (Swofford 2002) for the LSU, SSU,
and ITS datasets separately, with outgroup taxa in- or
excluded. The concatenated datasets were partitioned into
SSU, LSU, 5.8S and SSU, LSU, ITS1, 5.8S, ITS2 in the BI
analyses, respectively, applying unlinked models of nucleotide
evolution to each partition, with GTR + I + as the initial
model for each partition. BI was performed with MrBayes
v3.1.2 (Ronquist and Huelsenbeck 2003) and consisted of
two parallel runs of one cold and three incrementally heated
chains each, and 4 million generations sampled every 100
generations. Posterior probabilities were obtained using a
Metropolis-coupled Markov chain Monte Carlo approach.
The average standard deviation of the split frequencies of the
two parallel runs indicated that the tree samples became
increasingly similar and that a stationary distribution was
reached (split frequencies = 0.0026 and 0.0019, respectively).
The log files of the runs were also checked with Tracer v
1.4.1 (Rambaut and Drummond 2007), and a burnin sample
of 10,000 trees was removed from the 40,000 retained trees
before calculating the majority rule consensus trees in
MrBayes. ML analyses were performed with unpartitioned
datasets containing the SSU, LSU, and 5.8S regions (due to
missing data effects in partitioned analyses with this method-
ology; however, for comparison, a partitioned dataset was also
run with the two specimens with missing data excluded)
using RAxML version 8 (Stamatakis 2014), GTR + I + G was
used as the model of evolution. The reliability of the ML
topologies was evaluated based on 1,000 nonparametric boot-
strap replicates (Felsenstein 1985). The trees were visualized
using FigTree v 1.2.2. (Rambaut 2008).

Low molecular weight carbohydrate content. The low molecular
weight carbohydrate (LMWC) content of 10 individuals repre-
senting five Wittrockiella species was analyzed (Table S2 in
Supporting Information) and the LMWCs were extracted
from dried algal material. Dry algal samples each of 5–30 mg
were extracted with 70% aqueous ethanol (v/v) in capped
centrifuge tubes at 70°C in a water bath for 4 h according to
Karsten et al. (1991). After centrifugation for 5 min at
5,000 g, 700 lL of the supernatant was evaporated to dryness
under vacuum (Speed Vac Concentrator SVC 100H, Savant
Instruments Inc., Holbrook, NY, USA). Dried extracts were
redissolved in 700 lL distilled water and vortexed for 30 s.
Samples were analyzed with an isocratic Agilent HPLC system
(Santa Clara, CA, USA) equipped with a differential refractive

index detector. LMWCs were separated and quantified by two
HPLC methods in order to maximize peak identification. Sepa-
ration of polyols, mono-, and disaccharides was performed on
a Bio Rad resin-based column (Aminex Fast Carbohydrate
Analysis, 100 9 7.8 mm) using a Phenomenex Carbo-Pb2+

(4 9 3 mm) guard cartridge. LMWCs were eluted with 100%
HPLC grade water at a flow rate of 1 mL � min�1 at 70°C
(modified after Karsten et al. 1991). Separation of heterosides
and polyols was performed on a Phenomenex resin-based col-
umn Rezex ROA-Organic Acid (300 9 7.8 mm) protected with
a Phenomenex Carbo-H+ guard cartridge (4 9 3 mm). On the
latter column, LMWCs were eluted with 5 mM H2SO4 at a flow
rate of 0.4 mL � min�1 at 75°C (modified after Karsten et al.
2005). LMWCs were identified by comparison of retention
times with those of the commercial standard compounds
(Roth, Karlsruhe, Germany; Sigma-Aldrich, St. Louis, MO,
USA) prepared as 1 mM aqueous solutions and quantified by
peak areas. All concentrations are expressed in micromole per
gram dry weight.

RESULTS

Phylogenetic analyses. The phylogenetic trees
resulting from the analyses of the concatenated
alignments (SSU, LSU, and 5.8S) show five well-sup-
ported lineages within Wittrockiella (Fig. 1). The rela-
tionship between W. lyallii, W. salina, and the clade
containing the other three taxa was not resolved
with strong support, with only 61% bootstrap sup-
port and no support in the BI analysis (Fig. 1). The
relationships of these three lineages could also not
be resolved when using the alignment containing
SSU, LSU, and the whole ITS region (Fig. S1 in the
Supporting Information), or when using partitions
in ML (Fig. S2 in the Supporting Information).
Both samples of Wittrockiella amphibia had identi-

cal sequences in all three markers except for 7 bp
differences in the whole ITS region, and were recov-
ered as sister to a clade that contains a sample from
a culture collection labeled W. “calcicola” (sample
ACOI_471/K92, originally isolated from a lagoon in
Portugal, see below for discussion on the use of this
name) and a sample from Washington, USA (sam-
ple N77, found endophytically in Zostera leaves).
These latter two isolates had identical sequences in
all three markers except for 1 bp difference in the
ITS2 region, and are described as the new species
W. zosterae O’Kelly & Boedeker sp. nov. (below). Sis-
ter to the clade containing W. amphibia and
W. zosterae is a lineage that consists of two identical
samples isolated from the bark of mangrove pneu-
matophores in southern Australia, which is
described as the new species W. australis West &
Boedeker sp. nov. (below). Together, these three
species form a moderately supported clade.
Pairwise genetic distances between species are

large in LSU sequences, with up to 8% divergence
between W. lyallii and W. salina. The ITS sequences
are so different that they cannot be sensibly aligned
between species, except for the sister species W. am-
phibia and W. zosterae, which differ by 14% in the
ITS region.
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All samples of W. lyallii were recovered in a well-
supported clade, and did not show any intraspecific
genetic variation in any of the markers throughout
their distribution range, which includes distant loca-
tions such as New Zealand and Chile, and also iso-
lated locations such as Fiordland, the Chatham
Islands, and the sub-Antarctic Snares Islands (New
Zealand). Similarly, all samples of W. salina were
recovered in a well-supported clade. The LSU and
SSU sequences were identical in all samples, and
there was only a single variable site in the whole ITS
region. The samples of W. salina from Lake Bunga
(Australia) and from Lake Ogawara (Japan) differed
from the samples from Lord Howe Island, Nelson
Lagoon (Australia) and Tasman Bay (New Zealand)
by one-point mutation (T-C), whereas the specimen
from Lake Shinji (Japan) showed both a T and a C
signals at that position. The freshwater isolates from
Lord Howe Island, previously described as an ende-
mic variety (Skinner and Entwisle 2004), were not
genetically distinct, nor was the unique spherical

growth form that occurs in the Gippsland Lakes
(Australia).
Morphology, culture observations, and karyology. Gen-

eral morphological characterization: Members of the
genus Wittrockiella typically have a heterotrichous
thallus. A prostrate system of branched uniseriate
filaments gives rise to an upright system of thinner,
also much branched, uniseriate filaments. Cells in
the upright systems tend to be more nearly cylindri-
cal, whereas those in the prostrate system are more
irregular in shape. The apical cells of the upright fil-
aments are typically more densely pigmented.
Branches are subterminally inserted with delayed
cell wall formation. The diameter of the filaments
varies greatly between species and the overall range
is from 10 to 750 lm. Reproductive structures are
unspecialized cells that transform into aplanospo-
rangia, zoosporangia, or gametangia that release
zoids through an elongated exit tube. Such repro-
ductive cells have not yet been found in some spe-
cies. Enlarged cells are common and may be either

FIG. 1. Bayesian Inference (BI) phylogram of the genus Wittrockiella (Pithophoraceae) inferred from rDNA sequences of the small sub-
unit (SSU), partial large subunit (LSU), and the 5.8S region that separates the internally transcribed spacers. Posterior probabilities from
BI are indicated above the branches, Maximum Likelihood bootstrap values (1,000 replicates) are indicated below. For the BI analysis, the
alignment was partitioned into three markers, the ML analysis was run without partitioning. The tree was rooted with Pseudocladophora con-
chospheria (Pseudocladophoraceae). The positions of Wittrockiella australis sp. nov. and W. zosterae sp. nov. are highlighted in bold. The scale
bar represents substitutions per site.
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immature sporangia or akinetes. Colorless non-sep-
tate hairs are rarely formed and were only observed
in this study in nutrient-depleted cultures. The only
attachment structures that are formed are secondary
rhizoids, which are typically much thinner than the
main filaments and consist of long cells often with a
sinuous outline. Rhizoids are typically inserted ter-
minally but lateral rhizoids also occur and can end
in haptera. A comparison of the main morphologi-
cal features is given in Table 2.
Wittrockiella lyallii: Wittrockiella lyallii consists of

coarse filaments (Fig. 2A) that form mats of clearly
defined prostrate and upright branch systems
(Fig. 2, A and B) in high intertidal areas typically
with freshwater influx. It has the largest cell dimen-
sions of all Wittrockiella species, with cell diameters
ranging from 250 to 750 lm. Upright filaments are
typically thinner than the prostrate system (Fig. 2B).
Growth in culture can lead to more irregular growth
patterns, with radial growth in floating tufts (Fig. 2,
C and D). Wittrockiella lyallii often forms secondary
rhizoids originating from the apical end of cells
(Fig. 2, D and E). Lateral secondary rhizoids are
also known, sometimes forming haptera (Fig. 2E).
Akinetes, zoidangia, and hairs have never been
observed in field or cultured material.
Wittrockiella salina: Wittrockiella salina forms mats

in the high intertidal, often at the base of sandstone
cliffs in shaded locations, commonly with freshwater
seepage or dripping overhanging vegetation
(Fig. 3A), or in estuarine environments, but also
occurs in other habitats. The mats consist of pros-
trate filaments giving rise to upright branch systems
(Fig. 3B). Cell diameters are variable but are typi-
cally less than 200 lm, and range from 80 to
340 lm in upright branches and prostrate filaments,
and 60–200 lm in terminal cells. Secondary rhizoids
are occasionally formed at the apical pole of cells
(Fig. 3C), but they are much less frequent than in
W. lyallii. Cultured material shows less distinct sepa-
ration between upright and prostrate filaments
(Fig. 3D), and is more variable in both cell dimen-
sions and cell shape (Fig. 3E). The coarsest fila-
ments are found in the spherical aggregations of
W. salina in the Australian Gippsland Lakes
(Fig. 3F), where they slightly overlap in their cell
dimensions with W. lyallii. In the field and cultured
material investigated for this study, akinetes, zoidan-
gia, or hairs have never been observed; however,
hairs have been reported previously for this species.
Wittrockiella amphibia: Wittrockiella amphibia

occurs as mats or tufts on the base of saltmarsh
plants, or on or partly buried in the mud in estuar-
ine environments. The prostrate and the upright fil-
aments have similar diameters (Fig. 4A). The cells
are typically less than 100 lm in diameter, with
prostrate filaments ranging from 40 to 70 lm and
upright filaments ranging from 30 to 50 lm. Some-
times, swollen cells are observed, and these can be
up to 120 lm in diameter. Occasionally, short side

branches consisting of just one cell, so-called
“spurs,” are formed (Fig. 4B). Zoidangia have con-
spicuous long exit tubes, protruding from the cen-
ter of the cell (Fig. 4C). Thick-walled akinetes are
formed solitarily or in short chains within the fila-
ments (Fig. 4D). Long non-septate hairs were only
observed in nutrient-depleted cultures (Fig. 4E).
In culture, quadriflagellate zoospores (Fig. S3A in

the Supporting Information) released from one
thallus were isolated and developed into germlings,
of which 18 survived. All 18 individuals produced
zoidangia, and in each case the zoidangia produced
exclusively biflagellate zoids (Fig. S3B). Two of the
18 individuals were sampled, and in both a chromo-
some number of 12 was observed (Fig. S3, C and
D). Biflagellate zoid germination occurred in none
of the 18 progeny while they were grown individu-
ally. However, when individuals 1 and 16 and indi-
viduals 15 and 17, were placed together
germination stages appeared. The germlings were
morphologically identical to those produced by
quadriflagellate zoospores. These progeny had chro-
mosome numbers of 24 � 2 (Fig. S3, E and F), and
reproduced by quadriflagellate zoospores. Thus,
W. amphibia undergoes sexual reproduction, and
has a haploid chromosome number of 12 and a
diploid chromosome number of 24. Partheno-
genetic development of gametes does not occur.
Wittrockiella zosterae O’Kelly & Boedeker sp. nov.
Wittrockiella zosterae occurs in estuarine habitats,

either endophytic in stems or leaves of salt marsh
plants, particularly in dead Zostera leaves (Fig. 5A),
or forming mats of heterotrichous filaments on the
sediment surface. The irregularly shaped cells
observed in endophytic filaments (Fig. 5A) become
more regular and develop distinctly branched pros-
trate and upright filaments in culture (Fig. 5B).
Zoidangia have conspicuous long exit tubes that are
formed at the terminal (rather than central) poles
of the cell (Fig. 5C). Long non-septate hairs were
only observed in nutrient-depleted cultures
(Fig. 5D), and were typically associated with irregu-
lar swollen cells. Cell diameters typically range from
10 to 50 lm, but can be up to 100 lm in swollen
cells (Fig. 5D). Cell diameter and shape are very
variable both in endophytes and in cultured mate-
rial (Fig. 5, A and E). Whether swollen cells are cul-
ture artifacts, or represent immature zoidangia or
akinetes could not be established. Occasionally, ter-
minal rhizoids are formed (Fig. 5F). Only quadri-
flagellate zoospores were observed in culture
(Fig. S4A in the Supporting Information); however,
two sets of chromosome numbers, 24 � 2
(Fig. S4B) and ~44 (Fig. S4C), were observed in veg-
etative cells and zoidangia from different plants. It
is inferred that W. zosterae undergoes sexual repro-
duction and has a haploid chromosome number of
22–24 and a diploid chromosome number of 44–48.
Description: Irregular green filaments endophytic

in stems or leaves of salt marsh plants, including
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dead Zostera leaves, or as mats of heterotrichous fila-
ments on the sediment surface. Free living and cul-
tured endophytic filaments consist of distinctly
branched prostrate and upright systems, with cells
10–50 lm in diameter (up to 100 lm in swollen
cells). Infrequent terminal rhizoids. Zoidangia with
conspicuous long, terminal exit tubes. Long non-
septate hairs in nutrient-depleted cultures. Haploid
chromosome number 22–24, diploid chromosome
number 44–48.

Etymology: Named after the endophytic habitat of
this species inside leaves of the seagrass Zostera.
Holotype: endophytic in Zostera leaves, Sperry

Marsh, Lopez Island, Washington, USA, 24 July
1979, C. J. O’Kelly & R. South, National Museum of
New Zealand Te Papa Tongarewa (WELT) A031051
(also maintained in culture as CCMP/NCMA1672 at
the Provasoli-Guillard National Center for Marine
Algae and Microbiota, USA. The holotype specimen
has been recently mounted from this culture).

FIG. 2. Morphology of Wit-
trockiella lyallii. (A) Mat of
heterotrichous filaments, with
upright filaments arising from an
intertwined prostrate stratum.
Field collected material from
Stewart Island, New Zealand,
transferred into culture, scale bar
= 1 cm. (B) Heterotrichous
thallus: prostrate filament giving
rise to upright branch system,
with subterminally inserted
branches and delayed cross wall
formation. Apical cells of upright
filaments are more densely
pigmented, scale bar = 1 mm.
(C) Tuft of filaments grown in
culture over 2 years displaying a
radial growth pattern, scale bar =
0.5 cm. (D) Main prostrate axis
lined with upright filaments of
thinner diameter. Few cells have
more than one lateral branch. A
terminal secondary rhizoid with
thinner diameter that was formed
at the pole of a cell is indicated
(arrow), scale bar = 1 mm. (E)
Two different types of secondary
rhizoids: a lateral secondary
rhizoid (left arrow), and a
terminal secondary rhizoid with
thinner diameter that was formed
at the pole of a cell is indicated
(right arrow), scale bar =
500 lm.
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Sequence data: GenBank KY593959 (ITS rDNA),
KY593972 (LSU rDNA), KY593989 (SSU rDNA).

Wittrockiella australis West & Boedeker sp. nov.
This species is currently only known to occur

endophytically in the bark of the pneumatophores
of the mangrove Avicennia marina (Forssk.) Vierh.
In culture, a mixture of swollen cells and long thin
filaments develops (Fig. 6A). The swollen cells rep-
resent the prostrate filaments which give rise to the
thinner upright filaments with much delayed cell
wall formation (Fig. 6B). Upright branches can be
inserted in terminal or central positions (Fig. 6B).
Cell diameters of the prostrate filaments are
between 25–50 lm, and 10–20 lm in erect branches

and cylindrical cells. In culture, attached filaments
seem to have longer and thinner cells, and cells
seem to have more irregular shapes when compared
to unattached filaments (Fig. 6C). Zoidangia have
conspicuous long exit tubes that are formed at the
terminal poles of the cell, and are sometimes
formed in chains (Fig. 6D). Exit tubes in their ini-
tial stages are similar to the beginning of lateral
branch formation or to the germination of an aki-
nete (Fig. 6, E and F).
In culture, zoidangia were formed and released

biflagellate zoids at both high and low salinity, of
which only a small percentage germinated. The
germlings had the same morphology as the parent

FIG. 3. Morphology of Wit-
trockiella salina. (A) One of the
typical habitats of W. salina: high
intertidal at the base of sandstone
cliffs, in shaded locations,
commonly with freshwater seepage
or dripping overhanging vegetation,
mixed with cyanobacteria, above
the Ulva zone and below the lichen
zone. The area inhabited by
W. salina is outlined in red.
Location: Coquille Bay, Tasman
Bay, New Zealand. (B)
Heterotrichous thallus: prostrate
filament giving rise to upright
branch system, with subterminally
inserted branches and delayed
cross wall formation. Apical cell of
prostrate filament short and
rounded, apical cells of upright
filaments are very long and
tapering, scale bar = 500 lm. (C)
Terminal secondary rhizoid with
thinner diameter and irregular
outline (arrow), scale bar =
500 lm. (D) Irregular growth in
culture: separation into prostrate
and upright systems becomes
indistinct, irregular cells with
variable diameters, many rhizoidal
cells, scale bar = 1 mm. (E)
Irregular growth in culture:
strongly varying cell shapes and
diameters, scale bar = 500 lm. (F)
Cross section of a herbarium
specimen (MEL 597583) of a
spherical aggregation of
particularly coarse filaments of
W. salina, a growth form only
known from the Gippsland lakes in
Victoria, Australia. The density of
filaments is much higher near the
surface of the algal ball, scale bar =
1 cm.
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generation but did not produce reproductive struc-
tures during the culture experiments. Growth of fil-
aments is much better at salinity of 5 than at salinity
of 30 (Fig. S5 in the Supporting Information), and
the species appears to be adapted to brackish envi-
ronments. However, at salinity of 30, the balsa wood
substrate had been fully colonized, while there was
very little growth on the two plastic substrates.

Description: Endophytic in mangrove pneu-
matophores in southern Australia. In culture, a
prostrate system of large round cells (25–50 lm
diameter) gives rise to an upright system of long
thin upright filaments with cylindrical cells (10–
20 lm diameter), inserted in terminal or central
positions and with very delayed cell wall formation.
Zoidangia with conspicuous long, terminal exit
tubes, sometimes formed in chains.

Etymology: Named after the collection site, south-
ern Australia.

Holotype: endophytic in Avicennia bark, Jawbone
Reserve, Victoria, Australia, 09 November 1998, J. A.
West, Leiden (L) 0793301 (holotype) & L 0793300
(isotype). Live culture deposited at the Provasoli-
Guillard National Center for Marine Algae and
Microbiota (formerly National Center for Culture of
Marine Phytoplankton), USA (no. NCMA/
CCMP3465). Sequence data: GenBank KY593943
(ITS rDNA), FR719943 (LSU rDNA), FR719931
(SSU rDNA).

Low molecular weight carbohydrate content. The
LMWCs, arabitol, digeneaside, dulcitol, erythritol,
glycerol, mannitol, ribitol, sorbitol, and trehalose,
were not detected in any sample; sucrose, glucose,
and xylose were the only LMWCs present
(Table S2). Sucrose was detected in all analyzed
samples, and amounts varied considerably between
38 and 692 lmol � g�1 dry weight even within spe-
cies. W. salina was the only species that contained
180–348 lmol � g�1 dry weight free glucose and
201–396 lmol � g�1 dry weight free xylose as well,
but these two LMWCs were lacking in one out of
four samples of W. salina (Table S2). This W. salina
sample (Q67), however, exhibited the highest
sucrose concentration compared to the other three
samples. Although sucrose is chemotaxonomically
not informative, the presence of glucose and partic-
ularly the rather unusual xylose seems to be
restricted to W. salina.

DISCUSSION

This is the first well-sampled study of the genus
Wittrockiella that includes intraspecific sampling
throughout the distribution range of W. lyallii and
W. salina, the distribution range of W. salina is
extended to the Northern Hemisphere, and two
new species have been discovered that are described
here. Furthermore, we present the first evidence for

FIG. 4. Morphological features
of Wittrockiella amphibia (Collins)
Boedeker et G.I. Hansen. (A)
Prostrate filament with
developing upright branches,
with delayed cross wall formation
and slight subterminal branch
insertion. Apical cells of upright
filaments are more densely
pigmented, scale bar = 200 lm.
(B) Cells producing spur-like
outgrowths, scale bar = 100 lm.
(C) Empty zoidangium with
conspicuous discharge tube, scale
bar = 100 lm. (D) Akinetes
arranged solitarily or in short
chains, scale bar = 100 lm. (E)
Hair cell in nutrient-depleted
culture. Differential interference
contrast (DIC) optics, scale bar =
100 lm.
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sexual reproduction in Wittrockiella and illustrate a
case of possible polyploid speciation.

Despite their widespread distribution and occur-
rence in distant and isolated locations, W. lyallii
showed no intraspecific genetic variation in the
markers used and samples of W. salina varied only
at a single site in the ITS region. For both W. am-
phibia and W. zosterae, only two samples each were
available, and they differed by 7 bp (~0.8%) and
1 bp (~0.1%) in the whole ITS region, respectively.
Unfortunately, we are still lacking molecular data
for Atlantic populations of W. amphibia, which
would be interesting to compare to the Pacific
sequences. The ITS region is typically very variable

(both ITS1 and ITS2), and frequently shows varia-
tion within species. In the marine green algal gen-
era Phyllodictyon and Boodlea (Siphonocladus clade,
Cladophorales), sequences of the whole ITS region
showed intraspecific variation of up to 4%, and
between-clade divergence of 7%–29%, with ITS1
and ITS2 displaying similar levels of variability (Leli-
aert et al. 2008, 2009a). Even higher intraspecific
ITS sequence variation of 18%–33% was found in
the marine species Cladophora albida and Cladophora
vagabunda (Bakker et al. 1992, 1995, Marks and
Cummings 1996), but it is likely that these numbers
reflect divergence between cryptic species rather
than intraspecific variation. In contrast, all samples

FIG. 5. Morphological features
of Wittrockiella zosterae sp. nov. (A)
Endophytic filaments of
W. zosterae in a dead leaf of
Zostera, Washington, USA, scale
bar = 100 lm. Photo: Gretchen
Frankenstein. (B, C) Cultured
material originally isolated from
Zostera leaves, Washington, USA.
(B) Prostrate and upright
filaments with similar diameters,
scale bar = 50 lm. (C) Empty
zoidangium with conspicuous
discharge tube (arrow), scale bar
= 50 lm. (D) Hairs on cells from
a nutrient-depleted culture, scale
bar = 100 lm. (E, F) Culture
material (ACOI 471) previously
labeled Wittrockiella calcicola
(Cladophorella calcicola), originally
isolated from a lagoon in
Portugal. (E) Irregular growth in
culture: separation into prostrate
and upright systems becomes
indistinct, strongly varying cell
shapes and diameters, many cells
are swollen (right), and thin
upright filaments (left), scale bar
= 200 lm. (F) Small tuft of
prostrate filaments with upright
branches, culture material. A
terminal secondary rhizoid
produced by a prostrate cell is
indicated (arrow), scale bar =
200 lm.
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of the common and easily dispersed freshwater alga
Cladophora glomerata have identical ITS sequences
(Marks and Cummings 1996, Ross 2006). The
absence or extremely low levels of genetic variation
in W. lyallii and W. salina suggests ongoing gene
flow and thus relatively frequent dispersal between
populations. It is, however, hard to imagine gene
flow in W. salina to occur between sandstone cliffs
on the New Zealand coast, a freshwater waterfall in
the forest on the isolated Lord Howe Island, and
brackish lakes in the north of Japan. Neither water
currents nor bird migration pattern can explain this
observation. The alternative explanation, that low or
missing ITS variation does not necessarily mean
recent connectivity of populations but low rates of
sequence evolution, has been discussed for W. lyallii
(Boedeker et al. 2010a) and the related freshwater
and brackish species A. linnaei (Boedeker et al.
2010c) because of the postulated low dispersal
capacity of these species. It will be interesting to
investigate the ITS sequences further, to see

whether they possibly are structurally reduced to a
minimum motif with small loop regions and thus
having limited potential for mutations. A dated phy-
logeny would also be most useful for testing
whether the origin and distribution of W. lyallii fits
a Gondwana vicariance scenario, and molecular
markers other than rDNA that work in the
Cladophorales are still not available and need to be
developed.
Between Wittrockiella species, the ITS sequences

are so different that they cannot be sensibly aligned.
Automated secondary structure alignments failed to
produce drastically improved alignments and phylo-
genies, and the degree of variation in ITS sequences
between species makes it nearly impossible to iden-
tify homologous regions. The phylogenetic trees
resulting from the concatenated dataset that
included the automated secondary structure align-
ment of the whole ITS region also did not resolve
the basal polytomy, similar to the results when using
only the SSU, LSU, und 5.8S data (Figs. 1 and S1).

FIG. 6. Morphology of Wit-
trockiella australis sp. nov. in
culture. (A) Growth in culture,
unattached entangled mass of
thick prostrate filaments with
irregular cell shape and size and
many swollen cells, and thin
upright filaments, scale bar =
200 lm. (B) Irregularly shaped
cells of the prostrate system giving
rise to thin upright branches in an
unattached, cultured thallus, scale
bar = 50 lm. (C) Attached thallus
grown on Nitex mesh after
10 weeks in stationary culture at a
salinity of 5 (30 lmol photons �
m�2 � s�1), consisting of thick
prostrate filaments and few
thinner upright filaments. Few
empty zoidangia, scale bar =
200 lm. (D) Attached thallus
grown on Nitex mesh after
10 weeks in stationary culture at a
salinity of 30 (30 lmol photons
� m�2 � s�1), consisting mainly of
empty zoidangia. Release of
zoospores can be seen (arrow),
scale bar = 200 lm. (E) Immature
zoidangia with discharge tubes
beginning to form (arrows), scale
bar = 50 lm. (F) Zoidangium
formation: extension of the
discharge tube (arrow). An empty
zoidangium is indicated by a
double arrow. Also visible is a small
spore attached to thin filament
above, scale bar = 50 lm.
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Because of the difficulties with aligning homologous
regions, we decided to only include the 5.8S region
rather than the spacers in the main analysis. The
low support for the relationships of the three main
branches prevents the analysis of biogeographical
patterns and speculations on the origin of the genus
Wittrockiella. Although there is no or very little
intraspecific variation, the genetic distances between
species are large (up to 8% in LSU sequences),
which suggests that Wittrockiella is an old genus.
Genetically most similar are W. amphibia and
W. zosterae, which differ by 1.3% in the LSU and by
14% in the ITS region. This pair of sister species
apparently diverged more recently, possibly via poly-
ploidization as suggested by their chromosome
numbers of n = 12 and n = 24, respectively.

Despite not all relationships between clades being
resolved, all species are well supported. The absence
of any sequence differences between W. salina var.
kraftii from freshwater environments on Lord Howe
Island and the rest of the W. salina samples indi-
cates that there is no reason to recognize this vari-
ety. This is also supported by the finding of
W. salina in freshwater environments in Japan.
Apparently, this species has a remarkable capacity to
grow in salinities from fully marine to brackish to
pure freshwater.

Based on the phylogenetic analyses, two new spe-
cies are recognized. The three species W. amphibia,
W. zosterae sp. nov., and W. australis sp. nov. form a
supported clade and share the same morphology.
Although W. australis seems to have smaller maxi-
mum cell diameters, the ranges of cell dimensions
overlap between those three species, and they can-
not be distinguished from each other with confi-
dence based on morphology alone. Thus,
W. australis sp. nov. is described based on molecu-
lar data alone, as has been done in other taxa
(e.g., Nelson et al. 2005, West et al. 2008, 2014,
Sutherland et al. 2011). The recognition of the sis-
ter species W. amphibia and W. zosterae is addition-
ally supported by their karyological differences,
with W. zosterae having twice the number of chro-
mosomes of W. amphibia. This suggests polyploid
speciation, maybe from autopolyploidy in which
the tetraploid species W. zosterae originated from
spontaneous genome duplication in W. amphibia
(or its ancestor) due to meiotic errors. Polyploidy
is common in plants and algae (Nichols 1979,
Kapraun 2007, Wood et al. 2009), and frequently
leads to instant speciation since the resulting off-
spring may be reproductively isolated from their
parents (Bolnick and Fitzpatrick 2007). It has been
indicated that polyploidy is almost universal in the
Cladophoraceae, with a basic number of six chro-
mosomes and complements of 12, 18, 24, 30, 36,
etc., found in many species (e.g., Godward 1959,
Wik-Sj€ostedt 1970, Kapraun 2007). This is the first
time that evidence is provided for different ploidy
levels in two sister species of Cladophorales,

hinting at instantaneous speciation by genome
duplication.
The alternation of haploid and diploid genera-

tions has been shown for both W. amphibia and
W. zosterae in this study, which adds to the scarce evi-
dence for sexual reproduction in Wittrockiella and
the family Pithophoraceae. Previously, the only
other studies that indicated sexual reproduction in
the Pithophoraceae are the observations of gametes
in Arnoldiella kosterae (C. Hoek) Boedeker (as Clado-
phora kosterae C. Hoek, in van den Hoek 1963), and
of gametes and zygotes in Arnoldiella chelonum (Col-
lins) Boedeker (as Basicladia chelonum (Collins) W.E.
Hoffmann & Tilden, in Hamilton (1948)) and in
Basicladia okamurae (S. Ueda) Garbary (as Cladophora
okamurai (S. Ueda) C. Hoek, in van den Hoek
1963), plus chromosome counts of n = 11 and
n = 22 in Aegagropilopsis clavuligera (Grunow) Boede-
ker (as Cladophora clavuligera Grunow, in Patel
(1996)). A. linnaei and Pithophora roettleri (Roth) Wit-
trock are thought to be asexual species (Boedeker
et al. 2010c), and for the remaining species of the
Pithophoraceae, including W. lyallii, W. salina, and
W. australis, sexual reproduction has not been
observed and might be rare.
Two new species are described here rather than

applying existing names to those two clades. The
reason for this is the unreliability of morphological
identifications due to overlapping and non-diagnos-
tic characters (Table 2), which makes it impossible
to link the different species lineages to available
existing names (Tautz et al. 2003, De Clerck et al.
2013, Verbruggen 2014). In the absence of molecu-
lar data, the assignment of a sample to existing spe-
cies names based on morphology would be arbitrary
in many cases. Ideally, sequences of the type speci-
mens are needed, and while this is becoming more
feasible with technological advances such as next
generation sequencing that allows the generation of
at least partial DNA sequences of old type speci-
mens (Hughey et al. 2014, Prosser et al. 2016), this
is currently often not practically possible. Further-
more, most type specimens of the remaining
described Wittrockiella species are missing, and for
several even the type locations have been irreversibly
altered so that recollections will not be possible.
The type specimen of W. calcicola is lost or
destroyed (Boedeker et al. 2012), and the type loca-
tion, limestone rocks in a tropical hothouse in the
Cambridge Botanical Garden, UK, does not exist
anymore (staff members at Cambridge Botanical
Garden, pers. comm.). The name W. calcicola was
applied in Boedeker et al. (2012) to material iso-
lated from a lagoon in Portugal (specimen K92/
herbarium voucher L 0793292/culture collection
ACOI471; Table S1) that was also used in the pre-
sent study and actually represents W. zosterae (thus,
this material does not function as an epitype for
W. calcicola as was prematurely stated in Boedeker
et al. (2012)). As the true identity of the type
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specimen of W. calcicola will never be known, it is
suggested to discontinue the use of this name. Wit-
trockiella netzahualpillii is only known from an inland
brackish water well in Mexico (Galicia-Garc�ıa and
Novelo 2000), which has disappeared since the
description of this species (E. Novelo pers. comm.).
Wittrockiella netzhualpilii might be found again in
another site, and its unique morphological features
should allow for correct identification. The type of
this species had been preserved in formaldehyde,
but high-throughput sequencing approaches might
make it possible to generate sequence data from the
type specimen at some stage. The two Wittrockiella
species described from the Indian subcontinent,
W. fritschii (A.K. Islam) Boedeker and W. sundarba-
nensis (A.K. Islam) Boedeker are only known from
the type specimens. These type specimens were kept
in the herbarium of A. K. M. N. Islam (Islam 1964),
but its whereabouts cannot be traced and it is
assumed to be lost (pers. comm. by staff members
at the University of Dhaka, Bangladesh, the National
Botanical Research Institute, India and the Univer-
sity of Peshawar, Pakistan). As there are no molecu-
lar data for W. calcicola, W. fritschii, and
W. sundarbanensis, and the type specimens are not
available anymore, it is recommended here that
these names should not be used anymore, as the
identity of the type specimens will remain unknown
and assignment by morphology is not possible.

There are three other green algal species with a
unique morphology that suggests that they belong
to the genus Wittrockiella. Cladophora amplectens Wel-
witsch occurs on mangrove stems and pneu-
matophores in Luanda (“Loanda”), Angola, and
forms tufts “like a child’s head,” up to 15 cm in
diameter, with filaments 75–150 lm in diameter
and “belongs to the section Aegagropila” (West and
West 1897). Cladophora dubia Schmidle, forms turfs
on rocks in slightly brackish water in Asau (“Assau”),
Savai’i, Samoa, and consists of a heterotrichous sys-
tem with prostrate filaments up to 350 lm in diame-
ter and upright filaments up to 200 lm in diameter,
also the formation of spurs and rhizoids ending in
haptera has been described (Reinecke 1897). Bolbo-
coleon jolyi Yamaguishi-Tomita is a large-celled (up to
150 lm diameter) marine alga from Brazil with
reticulate chloroplasts that occurs on sand and
bears bulbous-based hairs (Yamaguishi-Tomita
1970). Bolbocoleon piliferum, the type and only other
species of the genus, Bolbocoleon, is a much smaller-
celled, uninucleate alga belonging to the order
Ulvales (O’Kelly et al. 2004). Since these taxa have
either unique morphological features or occur in
unique habitats, there is a possibility that they will
be recollected and assigned to those names. The
transfer of these taxa to Wittrockiella should be made
once sequence data are available and confirm their
taxonomic placement. Wittrockiella (or Cladophorella)
has also been reported from tropical Queensland,
Australia (Cribb 1965) and from the Caribbean (van

den Hoek et al. 1984), and those specimens are
likely to represent additional species of Wittrockiella.
Despite the simple morphology in Wittrockiella,

the function of the few morphological features
remains poorly understood. In this study, evidence
is provided for the occurrence of hairs in W. amphib-
ia and W. zosterae, and hairs had been reported in
the literature for W. amphibia (as W. paradoxa; Wille
1909, Printz 1927, Polderman 1976, South 1981)
and also for W. salina (van den Hoek et al. 1984).
Hairs are an unusual feature for the Cladophorales,
and have not been reported for any other genus of
the order. Both septate (Printz 1927, South 1981)
and non-septate hairs (Polderman 1976, van den
Hoek et al. 1984, this study) have been observed.
The function of the unpigmented hairs is most
likely to increase the surface area in order to facili-
tate nutrient uptake (as shown in cyanobacteria; Sin-
clair and Whitton 1977, in the red alga Spyridia;
O’Connor and West 1991, or in green algae; Whit-
ton and Harding 1978), which is supported by their
development in nutrient-depleted cultures. Akinetes
and akinete-like structures have been reported for a
number of species of Wittrockiella, but it is not always
clear what those enlarged cells really represent. Aki-
netes or swollen cells (sometimes also referred to as
“spurs,” “knee cells,” or “dorsal projections”) have
been documented either to occur singly or in short
chains in W. amphibia (Collins 1907, Wille 1909,
South 1981, 1989, Boedeker and Hansen 2010, this
study), W. calcicola (Fritsch 1944), W. fritschii (Islam
1964), W. netzhualpilii (Galicia-Garc�ıa and Novelo
2000), W. salina (Chapman 1949), and W. sundarba-
nensis (Islam 1964). The immature zoidangia of
W. australis (Fig. 6E) show similar dorsal projection,
but might have developed from a regular vegetative
cell rather than from an akinete. Without following
the development of cells, it can be difficult to distin-
guish between akinetes and immature zoidangia,
between the formation of a branch or rhizoid or an
elongated exit tube, and even between empty
zoidangia and cells infected by fungi (e.g., Blodgettia
infections, Sakai 1964). The nature of the akinete-
like cells in Wittrockiella seems to be similar to the
characteristic akinetes of Pithophora. In Pithophora,
the size, shape, and arrangement of akinetes are
not stable but are controlled by environmental con-
ditions. Akinete germination is inducible by various
external factors (Ernst 1908, Agrawal 1986, Stevens
and Neilson 1987), and akinete and branch forma-
tion are the same, reversible process (Mothes 1930).
It seems that in Wittrockiella akinetes can either
transform into a sporangium or germinate into a
branch, but more culture observations are needed.
Interestingly, the elongated exit tubes form on a
zoidangium long before spores or gametes are
formed inside, so in fact the origin might be related
to akinete germination and branch formation.
The elongated discharge tubes might represent

an adaptation for endophytes (W. amphibia;
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Polderman 1976, W. australis and W. zosterae; this
study) or to frequent burial (W. amphibia, see also
Boedeker and Hansen 2010), and thus ensure that
the spores or gametes reach the surrounding water.
Members of Wittrockiella are typically found semi-ter-
restrially (on moist stone or on mud), or in estuar-
ine or intertidal habitats that are characterized by
high fluctuations of environmental parameters and
by frequently reduced salinities due to freshwater
seepage or river inflow. The preference for brackish
habitats is not fully explained by reduced competi-
tion in stressful environments (Boedeker 2010), as
the new species W. australis germinated and grew
much better in low salinity media compared to sea-
water in culture experiments (Fig. S5 in the Sup-
porting Information). However, at a salinity of 30,
the balsa wood substrate was fully colonized
(Fig. S5), suggesting that other factors than salinity
alone influence the occurrence of this species.
W. salina occupies a remarkably broad salinity
range, as identical ITS genotypes have been found
in pure freshwater environments on Lord Howe
Island (Australia), in brackish lakes on Honshu
(Japan) and in the marine intertidal in New Zeal-
and. Possible adaptations of Wittrockiella to habitats
with fluctuating salinities include the formation of a
thick mucilage layer in W. amphibia (Wille 1909)
and the cushion-like growth habit to preserve mois-
ture during exposure to air in W. salina and W. lyal-
lii. Also the endophytic lifestyle in W. amphibia,
W. australis W. zosterae, and W. zosterae can be viewed
in the same way, as it protects the algal filaments
from drastic and abrupt changes in salinity. The
heterotrichous thalli of Wittrockiella could also repre-
sent an adaptation to harsh environments. Fritsch
(1944) regarded the heterotrichous habit of W. cal-
cicola as an adaptation to growth on semi-terrestrial
rock surfaces. The prostrate system is generally
more sheltered from desiccation and abrasion
(Fritsch 1945, Seapy and Littler 1982, Littler and
Kauker 1984, Boedeker 2010).

More culture studies, studies on development,
and crossing experiments are likely to yield impor-
tant additional insights into the biology of Wittrock-
iella, and more sampling and sequence data from
green filaments from freshwater and brackish envi-
ronments, especially in the tropics, will probably
reveal additional diversity in Wittrockiella. Here, we
established a phylogeny-based taxonomy that can be
added to as new sequence data will become avail-
able.
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Supporting Information

Additional Supporting Information may be
found in the online version of this article at the
publisher’s web site:

Figure S1. Maximum likelihood phylogram
based on a concatenated, partitioned SSU-LSU-
5.8S alignment of 23 taxa (two ingroup taxa with
missing data were excluded).

Figure S2. Bayesian Inference phylogram based
on a concatenated, partitioned SSU-LSU-ITS
alignment of all 25 taxa. The ITS sequences were
aligned using an automated secondary structure
based algorithm (MAFFT).
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Figure S3. Sexual reproduction in Wittrockiella
amphibia: spores, gametes and chromosomes. (A)
Quadriflagellate zoospore, scale bar = 5 lm. (B)
Biflagellate gamete, scale bar = 5 lm. (C) Prome-
taphase plate in vegetative cell, gametophytic indi-
vidual. Chromosome number n = 12 � 1, scale
bar = 1 lm. (D) Prometaphase plate in vegetative
cell, gametophytic individual. Chromosome num-
ber n = 12 � 1, scale bar = 1 lm. (E) Prometa-
phase plate in vegetative cell, progeny of cross
between two gametophytes. Chromosome number
n = 24 � 2, scale bar = 1 lm. (F) Prometaphase
plate in vegetative cell, progeny of cross between
two gametophytes. Chromosome number
n = 24 � 2, scale bar = 1 lm.

Figure S4. Sexual reproduction in Wittrockiella
zosterae sp. nov. (A) Quadriflagellate zoospore;
only two flagella, and a portion of a third (arrow)
are in the plane of focus, scale bar = 5 lm. (B)
Late prophase chromosome squash from a hap-
loid thallus. Chromosome number n = 24 � 2,
scale bar = 2 lm. (C) Metaphase plate from a
diploid thallus. Chromosome number
2n = 48 � 4, scale bar = 1 lm.

Figure S5. Comparison of growth of Wittrock-
iella australis sp. nov. filaments after 10 weeks in
stationary culture under different salinity treat-

ments. Well 5 (bottom center) contains a balsa
wood chip as substrate, well 6 (bottom right) con-
tains a synthetic mesh as substrate. (A) Low salin-
ity treatment (5 psu): many large tufts have
developed in all wells. Neither the balsa wood
chip nor the mesh have been preferentially colo-
nized. (B) Full marine salinity treatment (30
psu): very few large tufts have developed. The
balsa wood chip has been fully colonized. (C)
Number of colonies of W. australis sp. nov. that
developed over 6 weeks under different culture
conditions. Dark grey bars represent the low salin-
ity treatment (5 psu), light grey bars represent
the high salinity treatment (30 psu). Additional
culture treatments (stationary vs. shaker culture,
low vs. high irradiance (= 5 vs. 30 lmol pho-
tons � m�2 � s�1) are indicated on the x-axis.
Values are expressed as means with standard devi-
ations indicated by error bars.

Table S1. List of all investigated Wittrockiella
specimens with collection information. n.i. = no
information.

Table S2. Low molecular weight carbohydrate
content (lM � g�1 dry weight) in Wittrockiella spe-
cies.

PHYLOGENY OF WITTROCKIELLA 19


