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Phenotypic traits associated with light capture
and phylogenetic relationships were characterized in
34 strains of diversely pigmented marine and
freshwater cryptophytes. Nuclear SSU and partial
LSU rDNA sequence data from 33 of these strains
plus an additional 66 strains produced a con-
catenated rooted maximum likelihood tree that
classified the strains into 7 distinct clades. Molecular
and phenotypic data together support: (i) the
reclassification of Cryptomonas irregularis NIES 698
to the genus Rhodomonas, (ii) revision of phy-
cobiliprotein (PBP) diversity within the genus
Hemiselmis to include cryptophyte phycocyanin (Cr-
PC) 569, (iii) the inclusion of previously unidentified
strain CCMP 2293 into the genus Falcomonas, even
though it contains cryptophyte phycoerythrin 545 (Cr-
PE 545), and (iv) the inclusion of previously
unidentified strain CCMP 3175, which contains Cr-PE
545, in a clade with PC-containing Chroomonas
species. A discriminant analysis-based model of
group membership correctly predicted 70.6% of the
clades using three traits: PBP concentration - cell ',
the wavelength of PBP maximal absorption, and
habitat. Non-PBP pigments (alloxanthin, chl-a, chl-c,,
a-carotene) did not contribute significantly to group
classification, indicating the potential plasticity of
these pigments and the evolutionary conservation of
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the PBPs. Pigment data showed evidence of trade-
offs in investments in PBPs vs. chlorophylls (a +c).
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Cryptophytes are a widespread yet poorly charac-
terized group of unicellular eukaryotic algae that
inhabit ponds, lakes, estuaries, and oceans (Klave-
ness 1988, Hoef-Emden 2008, Hoef-Emden and
Archibald 2016). Cryptophytes originated via sec-
ondary endosymbiosis (engulfment of a red algal
cell by an unknown eukaryote), which led to the
evolution of pigments that are unique among algae
(Archibald and Keeling 2002, Bhattacharya et al.
2004, Gould et al. 2008). Cryptophytes are thus
complex with respect to their genetic and cellular
structure, and are distinctive in their pigmentation
and the organization of these pigments within the
plastids (Gould et al. 2007).

Visually, cryptophytes vary markedly in color
(Fig. S1 in the Supporting Information). These vari-
ations arise from differences in the type of phyco-
biliprotein (PBP) produced by the cell. Cryptophyte
strains contain a single type of phycoerythrin or
phycocyanin, but not both (Hill and Rowan 1989).
Eight types of cryptophyte PBPs have been defined:
three cryptophyte phycoerythrins (Cr-PE) (Cr-PE
545, Cr-PE 555, and Cr-PE 566) and five cryptophyte
phycocyanins (Cr-PC) (Cr-PC 569, Cr-PC 577, Cr-PC
615, Cr-PC 630, and Cr-PC 645), all of which are
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named according to the approximate wavelength of
maximum absorption of the PBP (Hill and Rowan
1989, Hoef-Emden and Archibald 2016). In part,
taxonomic classification to genus level is related to
the type of PBP. For example, all known Rhodomonas
species contain Cr-PE 545. However, PBP type can-
not be used solely to classify cryptophytes to genus
(Hill and Rowan 1989). Strains containing Cr-PE
545, for example, may belong to one of several gen-
era including Rhodomonas, Geminigera, Guillardia, or
Proteomonas (Hoef-Emden 2008, Hoef-Emden and
Archibald 2016). Researchers now usually combine
information on strain-specific PBP type with cellular
ultrastructure and molecular data to classify crypto-
phytes to genus and species (Hill and Rowan 1989,
Hoef-Emden and Melkonian 2003, Hoef-Emden
2008, Hoef-Emden and Archibald 2016).

We measured phenotypic traits related to light
absorption (PBP type, PBP concentrations, non-PBP
pigment concentrations, whole cell absorption spec-
tra, photosynthetically usable radiation (PUR), and
cell volume) for 34 strains of cryptophytes. These traits
allowed us to assess aspects of phenotypic diversity
related to light capture. We constructed molecular
phylogenies using SSU and LSU rDNA data from 33 of
our strains and sequences downloaded from the
National Center for Biotechnology Information
(NCBI) for 66 others. Then, recognizing that light
absorption likely has genetic roots, we used discrimi-
nant analysis to determine which phenotypic traits best
predicted clade membership. Our results illustrate the
remarkable genetic and phenotypic diversity even
within this subset of cryptophytes, and provide new
information about links between phylogenetic and
functional diversification in this group of microalgae.

METHODS

Cryptophyte  cultures. Cryptophyte strains were acquired
from six culture repositories (details in Table S1 in the Sup-
porting Information). All were grown in batch culture on a
12:12 h light:dark cycle at 30 pmol photons - m™ % - s~ " with
illumination provided from the side by Daylight Deluxe Arc-
tic White 32-watt fluorescent lamps (Philips, Inc. NJ). All cul-
tures were grown in 250 mL Pyrex® flasks with no more than
150 mL of culture in each and were gently swirled by hand
cach day. Growth temperatures and culture media were as
described in Table S1. All stock cultures were transferred to
fresh culture media while in the exponential phase. Samples
for phenotypic characterization were taken in triplicate from
a single culture in mid-exponential phase as determined by
cell counts. Means and standard deviations, therefore, repre-
sent analytical variability, i.e., are technical replicates, but do
not represent any possible within-strain variability under the
same culture conditions.

Light absorption. Absorbance spectra for each cryptophyte
strain were acquired with a Shimadzu dual-beam UV/VIS
2450 spectrophotometer, using the filter pad technique (Shi-
bata 1958, Roesler 1998). For each replicate, 5-10 mL of sam-
ple was filtered onto a Whatman GF/F filter (GE Life
Sciences, Buckinghamshire, UK). A blank GF/F, through
which only culture medium was filtered, served as reference.
All samples were stored at —80°C until analysis. Samples were

scanned from 400 to 800 nm at 1 nm intervals. Spectra were
scatter-corrected by subtracting the average absorbance
between 730 and 750 nm from the spectrum (Shibata 1958).
Scattering was minimized by ensuring that each filter was
fully loaded with material (Roesler 1998). Log;, absorbance
values were then converted to chl-a -specific absorption coeffi-
cients (a™) according to:

~2.303- A(X)

Chl
==y

(1)

where A(1) = the wavelength-dependent absorbance, L = the
optical path length of the particles on the filter (i.e., sample
volume divided by clearance area of the filter), N = the con-
centration of chl-a in the culture, and B = the path length
amplification factor. Because the filters had a high particle
load, a B correction factor of 2.0 was used (Roesler 1998).

Photosynthetically usable radiation. Photosynthetically usable
radiation (in pmol photons - m 2 -s 1) was calculated for
each cryptophyte strain as:

PUR — /  PAR()AO) . @)

00

where the weighting function A()) represents the probability
that a photon with a given wavelength is absorbed by the cell
(Morel 1978). It is derived from the absorption spectrum
aChl(X), measured as described above, normalized to its maxi-
mum absorption (¢“",.,) in the full spectrum light environ-
ment of the culture incubators. A flame spectrometer (Ocean
Optics, Dunedin, FL, USA) was used to measure the spectral
distribution of available irradiance in the incubators (400—
700 nm at 1 nm intervals) just outside of culture containers.

PBP analysis by spectroscopy. Cryptophyte PBP concentra-
tions were determined using the freeze/thaw centrifugation
method of Lawrenz et al. (2011). Aliquots (40-50 mL) of mid-
exponential phase culture of each strain were sampled and then
centrifuged at 2,054g for 10 min. The resulting supernatant was
decanted and the pellet re-suspended in 0.1 M phosphate buf-
fer (pH = 6) and homogenized using a vortexer. Samples were
then placed at —20°C for 2 h until frozen. Once frozen, samples
were moved to 5°C to thaw for 24 h. Thawed samples were cen-
trifuged at 10,870g for 5 min to remove excess cellular debris.
The absorbance of each sample extract was measured from 400
to 750 nm at 1-nm intervals with a Shimadzu UV-VIS 2450 dual
beam spectrophotometer using a l-cm quartz glass cuvette
against a phosphate buffer blank. Data were scatter-corrected by
subtracting absorbance at 750 nm from the maximum PBP
absorption peak (Lawrenz et al. 2011). PBP concentration (¢
pg - cell ') was calculated according to:

A X 12
¢ =—x MW x Toutter X 107
€-d Vsample N

(3)
where A = absorbance of sample, ¢ = the extinction coeffi-
cient for Cr-PE (5.67 x 10° L - mol™" - em™'; MacColl et al.
1976) or Cr-PC (5.7 x 10° L - mol™! - em™!; MacColl et al.
1973) d = path length of the cuvette in cm, MW = molecular
weight of Cr-PE = 45,000 Da or Cr-PC = 50,000 Da, Viyugrer
and Viample = volume of buffer and sample, respectively, N is
the concentration of cells (cells - L™), and 10" is a conver-
sion factor to convert the result to pg - cell'. Molecular
weights were averages of values presented in MacColl et al.
(1973, 1976), Gantt (1979), and Overkamp et al. (2014a,b)
for Cr-PE or Cr-PC containing cryptophytes.

HPLC pigment analysis. Non-PBP pigments (chl-a, chl-c,
alloxanthin, and o-carotene) were analyzed by HPLC
according to Pinckney etal. (1996). Samples from each
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cryptophyte culture were lyophilized for 24 h at —50°C,
placed in 1.5 mL 90% acetone and extracted at —20°C for
24 h. Filtered extracts (350 pL) were injected into a Shi-
madzu liquid chromatograph with photodiode array detec-
tor. Pigment peaks were identified and quantified by
comparison of retention times and absorption spectra with
pure standards (DHI, Denmark Hgrsholm). The synthetic
carotenoid PB-apo-8'-carotenal (Sigma) was used as an inter-
nal standard. Full details of protocols for extraction, instru-
mentation and analysis, calibration, validation, and data
products can found at: https://www.researchgate.net/prof
ile/James_Pinckney/publication/265999187_The_USC_HPLC_
Method_-Technical_Description/links/55266d0d0cf2628d5afdf
397/ The-USC-HPLC-Method-Technical-Description.pdf.

Cell size, cell volume, and cell counts. Cell size was deter-
mined via light microscopy using a Nikon Eclipse TS100
inverted microscope on at least 200 cells of each strain. Two
dimensions, height (4) and diameter (d), were measured on
live, but nonswimming, cells using an automated program
(Infinity Analyze V6.5; Lumenera Corporation, Nepean, ON,
Canada). Volumes (V) were calculated assuming each cell was
a prolate spheroid with V=mn/6 * h * & (Hillebrand et al.
1999). Cell counts were done using a Guava EasyCyte HPL
Benchtop Flow Cytometer (EMD Millipore). Because cell
counts were less time-consuming than measuring cell vol-
umes, at least 400 cells of each strain were counted to give an
accuracy of £10% of the count (Lund et al. 1958, Guillard
and Sieracki 2005).

DNA extraction, PCR, and sequencing. Approximately, 2 L
of each cryptophyte culture were spun down in a Beckman
J2-21 centrifuge using a JA-10 rotor at 7,000 (8,651g) for
30 min. The resulting cell pellet was resuspended in a
2 mL microcentrifuge tube and centrifuged for 12-15 min
at 1200-3600g in a Beckman-Coulter Microfuge-18 cen-
trifuge. DNA extraction was conducted using a standard
cetyltrimethyl ammonium bromide (CTAB) method. The
cell pellet was resuspended in CTAB buffer and lysed over-
night at ~56°C, then re-pelleted. The supernatant was
extracted and subjected to an RNaseA treatment for
15 min. Two phenol:chloroform:isoamyl alcohol (25:24:1)
extractions were then performed, followed by two chloro-
form:isoamyl alcohol (24:1) extractions. Two volumes of
100% ethanol were then added and the DNA was allowed
to precipitate overnight in a —20°C freezer. The resulting
DNA pellet was washed with 70% ethanol and dried in a
37°C drying oven. The DNA pellet was then re-suspended
in 100 uL. of TE buffer (pH 8.0).

Following Marin et al. (1998) and Hoef-Emden (2008) we
amplified the nuclear SSU and LSU rDNA using a primary
PCR followed by a secondary gene specific (SSU or LSU
rDNA) PCR reaction. Unlike Marin et al. (1998) and Hoef-
Emden (2008), we did not use biotinylated fluorescent pri-
mers for sequencing on an Li-Cor DNA Sequencer; instead,
we used standard primers and Applied Biosystems 3730xl1
DNA analyzer. Our primary PCR reaction was conducted
using the nuclear SSU_CrNIF primer and nuclear
LSU_1433R primers developed by Marin et al. (1998) using
Hoef-Emden (2008) PCR reaction conditions (95°C, 4 min;
30 cycles [95°C, 1 min; 60°C, 2 min; 68°C, 6 min]). Due to
read length quality limits of our sequencing platform (~700
bps), we developed three sets of overlapping primers to
amplify ~1,600 bps of the nuclear SSU rDNA sequence and
two sets of overlapping primers to amplify the 900+ bps of
the “partial” LSU rDNA sequence (see Table S2 in the Sup-
porting Information for secondary primer sequences and
reaction details). The resulting PCR products were sent to
Functional Biosciences (Madison, WI, USA) for forward- and
reverse-read sequencing. We processed reads using SeqTrace
(Stucky 2012) and EMBOSS merger (http://www.bioinforma

tics.nl/cgi-bin/emboss/help/merger) to verify base calls and
to assemble sequences for analysis (Rice et al. 2000).

Phylogeny reconstruction. We sequenced the nuclear SSU
and partial LSU rDNA of 33 strains and combined this infor-
mation with SSU and LSU sequences of 66 additional strains
downloaded from National Center for Biotechnology Infor-
mation (NCBI; Table S3 in the Supporting Information).

The SSU and LSU nucleotide sequences of the 99 strains
were aligned separately with ClustalW2 (Larkin et al. 2007)
and then concatenated. The concatenated alignment was
visually inspected and edited using the BioEdit Sequence
Alignment Editor (Hall 1999). PartitionFinder2 (Lanfear
et al. 2016) was used to determine the best-fitting nucleotide
substitution model and confirmed that the best partitioning
scheme was the original separation of the SSU and LSU
sequences. The data partitions for SSU and LSU were 2,086
and 1,681 characters, respectively. Both partitions’ best substi-
tution model was a general time reversal model with a por-
tion of invariant sites and a gamma distribution (GTR+I+G),
which was then used for phylogenetic estimation.

We estimated phylogeny with maximum likelihood (ML)
and Bayesian approaches. For the ML analysis, RAXML v8.2.7
(Stamatakis 2014) was run using the autoMRE option that
automatically stops performing bootstrap replicates once con-
vergence has been reached (Pattengale et al. 2009). For this
data set, convergence was reached after 250 replicates. The
resulting bootstrap replicates were then mapped onto the
phylogeny with the best likelihood score out of 1,000 thor-
ough ML searches. For the Bayesian phylogeny, we used
MrBayes v3.2 (Ronquist et al. 2012). The concatenated align-
ment was run in duplicate with 4 chains and 10,000,000 gen-
erations, which produced an average standard deviation of
split frequencies of 0.0088. Convergence was evaluated using
the potential scale reduction factor (PSRF; Gelman and
Rubin 1992) and plots of the generation versus the log-prob-
ability of observing the data. Following phylogenetic estima-
tion, Goniomonas sp. ATCC 50108 and Goniomonas truncata
TMGO005 were used as outgroups based on other cryptophyte
phylogenies (Hoef-Emden 2008, Hoef-Emden and Archibald
2016).

Statistics. Relationships between cryptophyte phenotypic
characteristics and molecular phylogenetic clade classification
were determined using stepwise discriminant analysis with the
grouping variable as clade classification, set between 1 and 7
(SPSS V24; IBM Armonk, NY, USA). This analysis was used to
build a predictive model of cryptophyte clade membership
based on the observed phenotypic characteristics for each
strain: cell volume, PUR, wavelength of maximum PBP
absorption, cellular concentrations of PBP, chl-a, chl-¢, allox-
anthin, and o-carotene, and cell volume concentrations of
PBP, chl-a, chl-c, alloxanthin, and a-carotene.

RESULTS

The strains investigated include examples of all
known variations of PBPs that have been associated
with cryptophytes (Glazer and Wedemayer 1995).
Whole cell absorption spectra for representative
strains of each Cr-PBP type (Fig. S2 in the Support-
ing Information) show the multiple peaks that rep-
resent the bulk absorption properties of all of the
photopigments (Tables 1 and 2) that produce the
variations in color observed among strains (Fig. S1).

Among our strains, cell volumes varied 75-fold,
ranging from 23 + 9 pum® for Hemiselmis tepida
CCMP 443 to 1,718 + 520 um® for Cryptomonas
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tetrapyrenoidosa CCAP  979/26 (now called Cryp-
tomonas curvata, see details in Table 1). Calculated
PUR varied by less than threefold, ranging from
4.7 pmol quanta - m~? - s for Hemiselmis cryptochro-
matica CCMP 1181 to 12.2 pmol quanta - m > - s~
for Chroomonas sp. SCCAP K1623 (Table 1). Rhodo-
monas falcata NIES 702 had the lowest relative con-
centration of PBP (<10% of total cell pigment),
while Chroomonas sp. CCMP 270 had the highest
(>90% of total cell pigment; Fig. 1). Chlorophyll a
and ¢ concentrations varied by more than two
orders of magnitude, largely in tandem with each
other (Table 2; Fig. 1). Alloxanthin and o-carotene
were generally minor components of the total pig-
ment complement (Table 2; Fig. 1).

Our phylogeny grouped the 99 strains into 7 dis-
tinct clades and 1 phylogenetically isolated strain
(Fig. 2, see also Fig. S3 in the Supporting Informa-
tion). Clade 1 included strains mainly from the gen-
era Chroomonas and Hemiselmis. Clade 2 included all
Cryptomonas strains except C. irregularis and C. acuta.
Clade 3 comprised two strains, the unidentified
strains CCMP 2293 and Falcomonas daucoides ShP-
CSU, while Clade 4 had Hanusia phi CCMP 325 and
Guillardia theta CCMP 327. Clade 5 comprised
strains of Rhodomonas, Storeatula sp. CCMP 1868, and
Cryptomonas irregularis NIES 698. Clade 6 had Rhodo-
monas minuta CPCC344 and Geminigera cryophila
CCMP 2564, while Clade 7 consisted of Proteomonas
sulcata CCMP 1175, Proteomonas sp. CCMP 2715, and
Cryptomonas acuta NIES 697. The single isolated
strain was the unidentified strain CCMP 1179.

Clades varied with respect to their diversity of
PBP pigment type. Clade 1, for example, included
Hemiselmis strains that contain Cr-PE 555, Cr-PC 569,
Cr-PC 577, or Cr-PC 615 and Chroomonas with Cr-PC
630 and Cr-PC 645 (Fig. 1). Clade 2, in contrast,
comprised exclusively freshwater Cryptomonas strains
with Cr-PE 566. Clades 3 to 7 contained freshwater
or marine strains with Cr-PE 545, including C. irreg-
ularis strain in Clade 5 and C. acuta in Clade 7.

A typical absorption spectrum for Clade 2 Cryp-
tomonas strains is represented by the C. pyrenoidifera
CCMP 1167 spectrum (Fig. 3A). A typical absorp-
tion spectrum for Clade 5 is that of Rhodomonas sal-
ina CCMP 1319 (Fig. 3C). The shape of the
absorption spectrum for C. irregularis NIES 698
(Clade 5; Fig. 3B), matches that of R. salina much
more closely than that of its fellow Cryptomonas
strains (see also Fig. S2C for C. ovata UTEX 2783).
Cryptomonas acuta (Clade 7) also contains Cr-PE 545
and has an absorption spectrum very similar to that
of C. irregularis (Fig. S4A in the Supporting Informa-
tion). The monophyletic strain, unidentified CCMP
1179, contains Cr-PE 545 and is our sole estuarine
strain.

Three phenotypic traits (wavelength of maximum
PBP absorption, PBP per cell and habitat) together
accounted for 77.8% of the variance in our con-
structed phylogenetic tree (Table S4 in the

Supporting Information). Three discriminant func-
tions were identified and weightings resulted in a
model that correctly classified 70.6% of the original
grouped cases (Wilks’ Lambda =0.051, 3* = 81.773,
df = 21, P = 0.000; Table S4).

DISCUSSION

We have presented a broad comparison of key
traits involved in light capture within the Crypto-
phyta, a phylum that is unique among the eukary-
otes in its remarkable diversity of pigmentation,
resulting in wide variations in spectral absorption
capabilities even between closely related strains.
Values for our phenotypic measurements fell well
within the bounds of those in the literature. Hoef-
Emden and Archibald (2016) and Hoef-Emden
(2018) report a size range of 5-50 um for crypto-
phytes in general, which encompasses the sizes all
of the strains we measured. Cellular pigment con-
tent was available from the literature for a few
strains. Cr—PE concentrations for Pyremonas (now
Rhodomonas) salina (strain C3, a synonym for our
strain CCMP 1319) as reported by Lewitus and
Caron (1990) were ~5 pg - cell”', while chl-a for
the same strain was reported as 0.7-0.8 pg - cell .
These concentrations are lower than ours
(11.1 pg - cell™! for PE, 1.7 pg - cell™! for chl-a),
but culture conditions differed and cell size was
not reported so it is difficult to compare directly
but the ratios of PE: chl-a between their study and
ours (~6.3-7.1 g:g vs. 6.5 g:g, respectively) agree
very well. Nicklisch and Steinberg (2009) report
cellular chl-a concentrations from 0.3 to
0.5 pg - cell™! (depending on light exposure and
nutrient status) for R. minuta (strain unknown),
which is lower than our value of 1.1 pg - cell”' for
strain CPCC 344. Vesk and Jeffrey (1977) reported
a PE:chl-a ratio for Chroomonas sp. (Port Hacking
isolate) of 4.8 and 6.3 g:g for cultures grown under
white and blue-green light respectively. Otherwise,
there is a general paucity of data on pigment con-
centrations and light absorption characteristics in
the literature, either for whole cells or for
extracted PBP pigments. As exceptions, Kamiya
and Miyachi (1984) show an absorption spectrum
for Cr-PE 545 that mirrors ours for the same
strains (H. phi), and Hoef-Emden (2008) presents
absorption spectra for several types of cryptophyte
PBPs. Her spectrum for Cr-PC 645 for Chroomonas
sp. CCMP 1221 matches ours (Fig. S5 in the Sup-
porting Information), as do her spectra for Cr-PE
555 from Hemiselmis rufescens CCMP 440 (Fig. S6 in
the Supporting Information) and PC-577 from
Hemiselmis pacifica CCMP 706 (Fig. S6). We could
find no published spectra for PBPs extracted from
the other strains in our study.

Comparison to published phylogenies. The clades
within our phylogenetic tree are partially congruent
with the taxonomic associations in previously
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TapLE 1. Cryptophyte strains used in this study, their habitat, cell volumes, PUR values, and phycobiliprotein (PBP) con-
centrations. Strain source abbreviations: Culture Collection of Algae and Protozoa (CCAP); National Center for Marine
Algae and Microbiota (NCMA, formerly CCMP); The Culture Collection of Algae at the University of Texas at Austin
(UTEX); Microbial Culture Collection at the National Institute for Environmental Studies (NIES); Canadian Phycological
Culture Center (CPCC); Scandinavian Culture Collection of Algae and Protozoa (SCCAP).

PBP peak absorp- PUR (pmol pho- PBP conc Cell volume PBP conc

Strain Clade  Habitat tion (nm) tons - m 2. 57" (pg~cell’l) (um?) (pg - um~%)
Chroomonas mesostigmatica 1 Marine 645 6.0 2.3 + 0.2 134 + 40 0.02
CCMP 1168

Chroomonas norstedtii 1 Fresh 630 9.4 6.5 £ 1.0 203 + 57 0.03
NIES 708

Chroomonas sp. CCMP 1221 1 Marine 645 8.7 4.6 = 0.7 106 £ 30 0.04
Chroomonas sp. CCMP 270 1 Marine 645 11.7 15.3 £ 1.2 108 + 41 0.14
Chroomonas sp. 1 Fresh 630 12.2 10.7 £ 0.3 369 + 117 0.03
SCCAP K1623

Cryptomonas acuta NIES 697 7 Marine 545 6.3 6.2 + 0.4 357 £+ 89 0.02
Cryptomonas irregularis 5  Marine 545 5.8 84 £ 1.2 887 + 274 0.01
NIES 698

Cryptomonas lucens CCAP 2 Fresh 566 8.7 29.3 £49 1,290 £ 453 0.02
979/35

Cryptomonas ovata 2 Fresh 566 8.4 25.7 £ 5.1 1,079 £+ 290 0.02
UTEX 2783

Cryptomonas pyrenoidifera 2 Fresh 566 5.6 40.4 £ 10.7 708 + 219 0.06
CCMP 1167

Cryptomonas sp. CPCC 336 2 Fresh 566 9.0 16.4 £+ 8.4 323 + 83 0.05
Cryptomonas curvata CCAP 2 Fresh 566 8.4 16.5 £ 2.1 1,718 + 520 0.01
979/26%

Geminigera cryophila CCMP 6  Marine 545 5.6 6.6 = 1.9 1,076 + 389 0.01
2564

Guillardia theta CCMP 327 4 Marine 545 5.4 09 £ 0.1 139 + 42 0.01
Hanusia phi CCMP 325 4 Marine 545 5.0 1.9 £ 0.2 199 + 55 0.01

Hemiselmis andersenii 1 Marine 555 5.9 1.6 + 0.1 54 + 19 0.03
CCMP 644

Hemiselmis cryptochromatica 1 Marine 569 4.7 0.2 £ 0.0 30 &+ 12 0.01
CCMP 1181

Hemiselmis pacifica 1 Marine 577 8.8 1.3 +£0.1 91 + 44 0.01
CCMP 706

Hemiselmis rufescens 1 Marine 555 5.2 1.1 £ 0.0 31 £ 13 0.04
CCMP 440

Hemiselmis tepida CCMP 443 1 Marine 615 7.1 0.5 £ 0.2 23 £ 9 0.02

Proteomonas sp. CCMP 2715 7 Marine 545 6.3 1.2 £ 0.1 98 + 28 0.01
Proteomonas sulcata 7 Marine 545 6.5 10.3 + 2.3 279 + 118 0.04
CCMP 1175

Rhinomonas reticulata 5 Marine 545 6.9 33+ 1.0 187 + 64 0.02
CCAP 995/2

Rhodomonas abbreviata 5 Marine 545 5.7 38 + 15 543 + 172 0.01
CCMP 1178

Rhodomonas atrorosea 5 Marine 545 5.6 44 £ 0.6 230 + 65 0.02
CCAP 978/6A

Rhodomonas chrysoidea 5 Marine 545 6.2 119 £+ 3.6 266 + 88 0.04
NIES 701

Rhodomonas falcata 5 Marine 545 7.1 2.6 £ 04 417 + 152 0.01
NIES 702

Rhodomonas lens CCMP 739 5 Marine 545 6.1 13.9 + 44 284 + 91 0.05

Rhodomonas minuta 6 Fresh 545 6.0 4.3 +£ 0.7 111 + 38 0.04
CPCC 344

Rhodomonas salina 5 Marine 545 6.7 11.1 £ 1.2 213 + 61 0.05
CCMP 1319

Storeatula sp. CCMP 1868 5 Marine 545 6.3 14.6 £ 0.8 569 + 172 0.03

Unidentified sp. —  Estuary 545 6.7 2.1+ 0.3 249 + 75 0.01
CCMP 1179

Unidentified sp. CCMP 3 Marine 545 6.2 2.3 £ 0.1 95 + 24 0.02
2293

Unidentified sp. 1 Marine 545 6.6 3.9 + 0.6 131 + 37 0.03
CCMP 3175

*Note that CCAP 979/26 was supplied to us as Cryptomonas tetrapyrenoidosa but that the name of this strain has been changed to
Cryptomonas curvata (Hoef-Emden and Melkonian 2008). Unidentified sp. CCMP 1179 did not fall into any of the 7 clades (-).
Errors are standard deviations of triplicate measurements.
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TasLe 2. HPLC-derived pigment concentrations for cryptophyte strains in this study. Source abbreviations: Culture Collec-
tion of Algae and Protozoa (CCAP); National Center for Marine Algae and Microbiota (NCMA, formerly CCMP); The Cul-
ture Collection of Algae at the University of Texas at Austin (UTEX); Microbial Culture Collection at the National
Institute for Environmental Studies (NIES); Canadian Phycological Culture Center (CPCC); Scandinavian Culture Collec-
tion of Algae and Protozoa (SCCAP).

chl-a chl-co Allox o-carotene chl-a chl-co Allox o-carotene

Strain (pg~cell’]) (pg~cell’]) (pg~cell’]) (pg~cell’l) (pg - pm~%) (pg - pm—%) (pg - pum—?) (pg - pm~%)
Chroomonas mesostigmatica 04+00 05£00 02£00 0240.0 0.003 0.004 0.002 0.001
CCMP 1168

Chroomonas norstedtii 31+05 12+£04 09=£02 09=+03 0.015 0.006 0.004 0.004
NIES 708

Chroomonas sp. 03+01 06+£02 02=£00 01=x00 0.003 0.006 0.002 0.001
CCMP 1221

Chroomonas sp. 34+£01 35+£00 98+0.0 6.2 + 0.0 0.007 0.002 0.002 0.005
CCMP 270

Chroomonas sp. 1.6 +02 07+02 0.6=+0.1 0.4 £ 0.1 0.004 0.002 0.002 0.001
SCAAP K1623

Cryptomonas acuta 247+ 1.3 402 +43 7.0+05 6.9 = 1.1 0.069 0.113 0.020 0.019
NIES 697

Cryptomonas irregularis 226 £ 0.3 37.7+53 64 +0.1 59 £ 0.2 0.025 0.043 0.007 0.007
NIES 698

Cryptomonas lucens 53 +£03 43+£09 12+0.1 1.0 £ 0.1 0.004 0.003 0.001 0.001
CCAP 979/35

Cryptomonas ovata 95+06 75+04 28+09 2.7+ 0.2 0.009 0.007 0.003 0.003
UTEX 2783

Cryptomonas pyrenoidifera 45+01 5H55+£03 22+£0.1 0.8 £ 0.1 0.006 0.008 0.003 0.001
CCMP 1167

Cryptomonas sp. 1504 20+05 0.3=%0.1 0.2 £0.1 0.005 0.006 0.001 0.001
CPCC 336

Cryptomonas curvata 364 £05 372+47 76+10 56=*1.7 0.021 0.022 0.004 0.003
CCAP 979/26*

Geminigera cryophila 42+02 7.0+05 20=+0.1 1.1 £ 0.1 0.004 0.007 0.002 0.001
CCMP 2564

Guillardia theta 08+01 12+£01 03=£00 02=x0.1 0.005 0.009 0.002 0.001
CCMP 327

Hanusia phi CCMP 325 0.7+00 09+003 05+£00 03=£0.0 0.004 0.005 0.003 0.001

Hemiselmis andersenii 03+00 06=£00 01=£00 0.1=x00 0.006 0.010 0.002 0.001
CCMP 644

Hemiselmis cryptochromatica 0.1 £0.0 02 £01 0100 0.1=£0.0 0.003 0.006 0.002 0.001
CCMP 1181

Hemiselmis pacifica 04+00 05+£00 03=£00 0.1=+00 0.004 0.005 0.003 0.002
CCMP 706

Hemiselmis rufescens 01+00 01+£00 01£00 0.1=x0.0 0.005 0.005 0.005 0.003
CCMP 440

Hemiselmis tepida 01+00 01+£00 01£00 0.0=x00 0.003 0.006 0.002 0.001
CCMP 443

Proteomonas sp. 12+00 19+01 05+£00 0.2=£00 0.012 0.019 0.005 0.002
CCMP 2715

Proteomonas sulcata CCMP 1.6 01 31401 07+0.0 0.4 £ 0.0 0.006 0.011 0.002 0.001
1175

Rhinomonas reticulata 1.1 £0.1 12+£02 03+£00 02=£0.0 0.006 0.006 0.002 0.001
CCAP 995/2

Rhodomonas abbreviata 28+ 02 45+04 114+00 08=+0.1 0.005 0.008 0.002 0.001
CCMP 1178

Rhodomonas atrorosea 15+£01 13+02 04+00 03=£0.0 0.007 0.006 0.002 0.001
CCAP 978/6A

Rhodomonas chrysoidea 19+£01 18+04 05=%0.1 0.5 £ 0.0 0.007 0.007 0.002 0.002
NIES 701

Rhodomonas falcata 140 £ 04 143 £0.3 3.6 £ 0.1 3.5 +0.1 0.034 0.034 0.009 0.008
NIES 702

Rhodomonas lens 23+02 45+£05 0.7+0.1 0.5 £ 0.1 0.008 0.016 0.002 0.001
CCMP 739

Rhodomonas minuta 1.1£00 204+£02 03+£00 02=£0.0 0.010 0.018 0.003 0.002
CPCC 344

Rhodomonas salina 1.7+01 1.74+01 05=+0.1 0.5 £ 0.1 0.008 0.008 0.002 0.002
CCMP 1319

Storeatula sp. CCMP 1868 152 £ 0.6 178 £0.2 4.0+02 41 +0.3 0.027 0.031 0.007 0.007

(continued)
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TaBLE 2. (continued)

chl-a chl-co Allox o-carotene chl-a chl-co Allox o-carotene
Strain (pg-cell B! (pg-cell D) (pg-cell B! (pg-cell b (pg - um 3y (pg - um 3 (pg - um 3 (pg - um )
Unidentified sp. 0.5 £ 0.1 1.1 £0.04 0.2 £ 0.0 0.1 = 0.0 0.002 0.004 0.001 0.000
CCMP 1179
Unidentified sp. 1.9 £ 0.1 2.7 £ 0.1 0.7 £ 0.1 0.4 + 0.0 0.019 0.028 0.007 0.004
CCMP 2293
Unidentified sp. 08+00 12+00 04=+0.0 0.2 £ 0.0 0.006 0.009 0.003 0.002

CCMP 3175

*Note that CCAP 979/26 was supplied to us as Cryptomonas tetrapyrenoidosa but that the name of this strain has been changed to
Cryptomonas curvata (Hoef-Emden and Melkonian 2008). Values presented are means + standard deviations of triplicate measure-
ments. Allox = alloxanthin. Pigment per biovolume values were calculated by dividing the average pg-cell ! by the average biovol-
ume (um3~ce11’1) of each strain and therefore do not have error estimates.

100
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2 60 = |
= il L | |
9 = |
g a0 | (L
ks L B % a-carotene
-4 | i1 % Alloxanthin
20 [] % Chl-c2
[l %Chl-a
| % PBP
0

(4) Hanusia phi CCMP 325

(5) Rhodomonas falcata NIES 702
(7) Cryptomonas acuta NIESB97

(5) Cryptomonas irregularis NIES 698
(2) C. tetra (curvata) CCAP 979/26*
(7) Proteomonas sp. CCMP 2715

(4) Guillardia theta CCMP 327

(5) Storeatula sp. CCMP 1868

(3) Unidentified sp. CCMP 2293

(5) Rhodomonas abbreviata CCMP 1178
(1) Hemiselmis pacifica CCMP 706
(1) Chroomonas norstedtii NIES 708

(6) Geminigera cryophila CCMP 2564

(1) Hemiselmis cryptochromatica CCMP 1181

(-) Unidentified sp. CCMP 1179

(2) Cryptomonas ovata UTEX 2783
(5) Rhinomonas reticulata CCAP 995/2

(1) Unidentified sp. CCMP 3175
(1) Hemiselmis andersenii CCMP 644

(1) Chroomonas mesostigmatica CCMP 1168
(2) Cryptomonas sp. CPCC 336

(1) Hemiselmis tepida CCMP 443
)
2
(1) Chroomonas sp. CCMP 270

(6) Rhodomonas minuta CPCC 344
(5) Rhodomonas lens CCMP 739

(7) Proteomonas sulcata CCMP 1175
(1) Hemiselmis rufescens CCMP 440
(2) Cryptomonas lucens CCAP 979/35
(1) Chroomonas sp. CCMP 1221

(5) Rhodomonas atrorosea CCAP 978/6A
(1) Chroomonas sp. SCCAP K1623

(5) Rhodomonas salina CCMP 1319
(5) Rhodomonas chrysoidea NIES 701
(2) Cryptomonas pyrenoidifera CCMP 1167

Fic. 1. Average relative concentrations (as a percentage of total cell pigment) of phycobiliprotein (PBP), chl-a, chl-c, alloxanthin and
o-carotene for strains used in this study from lowest to highest percentage of PBP - cell '. Note that the name of CCAP 979/26 has chan-
ged from Cryptomonas tetrapyrenoidifera to Cryptomonas curvata (Hoef-Emden and Melkonian 2003) even though it is still sold as the former
by the culture collection. Numbers in parentheses near the strain label show the clade number for each strain, with the exception of

CCMP 1179, which did not fall into a clade (see text and Figure 2).

published cryptophyte phylogenies. Similar to previ-
ous phylogenies (Marin et al. 1998, Hoef-Emden
2008, 2018, Hoef-Emden and Archibald 2016), our
data show a clade of Hemiselmis and Chroomonas
strains (clade 1), a clade comprised of Cryptomonas
strains (clade 2), a Hanusia and Guillardia dyad
(clade 4) and a clade comprised of Rhinomonas,

Rhodomonas and Storeatula strains (clade 5). Similar
to recent phylogenies (Hoef-Emden 2008, Hoef-
Emden and Archibald 2016), our Hemiselmis and
Chroomonas clade 1 consists of three Chroomonas sub-
clades and one Hemiselmis subclade. However, we
also found several differences, which is why we did
not apply previous clade numbering schemes to our
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Chroomonas sp. M1627
Chroomonas sp. M1318
Chroomonas sp. M1703
*Chroomonas sp. SCCAP K1623 _
Chroomonas nordstedtii NIES708 Cr-PC630
Chroomanas coerulea NIES1004
Chroomonas pochmannii UTEX2779
Chroomonas sp. M1312
*Chroomonas nordstedtii NIES708
Hemiselmis cryptochromatica CCMP1181
*Hemiselmis cryptochromaticaCCMP1181 CI’-PC 569
*Hemiselmis pacifica CCMP706 Cr-PC577
85/.99|100/1.0| Hemiselmis pacifica CCMP706
| Hemr‘se;mis cf virescens M1635

Hemiseimis cf virescens UTEX2002
*Hemiselmis rufescens CCMP440 Cr-PE 555
Hemiselmis rufescens CCMP440
Hemiselmis rufescens CCAP984
Hemiselmis andersenii CCMP439
Hemiselmis andersenii CCMP441
Hemiselmis andersenii CCMP&44
Hemiselmis andersenii CCMP1180
*Hemiselmis andersenii CCMP644 Cr-PE 555
Hemiselmis tepida CCMP443
*Hemiselmis tepida CCMP443 Cr-PC 615 Clade 1

Hemiselmis sp. UTEX2000
Chroomonas sp. CCAP978
Chroomonas sp. SAG980-1
Chroomonas sp. M0851
Chroomonas sp. M2291
Chroomonas caudata NIES712
Komma caudata M1074
Chroomonas coerulea NIES713
Chroomonas sp. M0874
Chroomonas sp. M1853
Chroomonas coerulea UTEX2780
Chroomonas sp. M1481
Chroomonas sp. M2067
Chroomonas coerulea ACOI1366

80/.96

98

*Chroomonas sp. CCMP1221 Cr-PC 645
*Unid sp. CCMP3175 Cr-PE 545
*Chroomonas mesostigmatica CCMP1168 Cr-PC 645

Chroomonas sp. CCMP1221
Chroomonas sp. CCAC3670B
Cﬁroamonas a,}‘ricarci,a
Chroomonas placoidea CCAP978
*Chroomonas sp. CCMP270 Cr-PC 645
|Chroomonas mesostigmatica CCMP269
Chroomonas sp. CCMP270
'Chroomonas pauciplastida CCMP268
Chroomonas sp. M1624
Chroomonas coerulea NIES714
Cryptomonas tetrapyrenoidosa NIES279

Cryptomonas tetrapyrenoidosaM1092
*Cryptomonas lucens CCAP979/35
*Cryptomonas ovata UTEX LB2783
{ Cryptomonas cuwataggACUOBO

*Cryptomaonas curvata AP979/26

100/ 1.0 100/ 1.0 Cryptomonas pyrenoidifera CCAP979
*Cryptomonas pyrenoidiferaCCMP1167
Cryptomonas pyrenoidifera CCMP152
Cryptomonas pyrenoidifera M1077
Cryptomonas ovata M1171
Cryptomonas ovata CCAC0064
Cryptomonas sp. CCAP979
“Clyptomonas 5p. CPCC336 Clade2  Cr-PE 566
Cryptomonas commutataM1975
Cryptomonas sp. M0739
Cryptomonas sp. M1634
Cryptomonas sp. MO741
Cryptomonas marssonii CCAC0103
Cryptomonas marssonii CCAC0086
Cryptomonas borealis SCCAP K0063
Cryptomonas lundii CCAC0107
Cryptomonas paramaecium M2180
Cryptomonas paramaecium CCAP977
Cryptomonas paramaecium M2452

Cr-PE 545

*Unid sp. CCMP2293
Falcomonas daucoides Sgg’—COSU !CIade % T
100/1.0— *Hanusia phi
Coulardia thetacempariz|Clade 4 Cr-PE 545
*Storeatula sp. CCMP1868
100/1.0 *Rhodomonas abbreviata CCMP1178
*Rhodomonas salina CCMP1319
*Rhodomonas atrorosea CCAP978/6A
*Rhodomonas falcata NIES702
*Rhinomonas reticulata CCAP995/2 Clade 5 Cr-PE 545
*Rhodomonas chrysoidea NIES701
*Rhodomonas lens CCMP739
Rhodomonas sp. M1480
100 1O*Crypromcna§iﬁeguﬂan’leESGQB GHEE
8 Rhodomonas minuta CPCC344
*Geminigera cryophila CCMPZ&GalClade 6 Cr-PE 545
*Unid sp. CCMP1179
*Proteomonas sulcata CCMP1175
82/1 0 *Cryptomonas acuta NIES697 Clade 7 Cr-PE 545
: *Proteomonas sp. CCMP2715
I Goniomonas sp. ATCC50108

/——Goniomenas truncata TMG005

Fi6. 2. Molecular phylogeny of 99 cryptophytes using nuclear SSU and partial LSU rDNA. Strains in red were sequenced and character-
ized by us; other sequences were downloaded from NCBI (Table S3). The topology of the phylogeny follows the maximum likelihood
analysis. Two Goniomonas strains (Goniomonas sp. ATCC 50108 and G. truncata TMGO005) were selected as outgroups. The node values are
bootstrap support values from the maximum likelihood analysis and posterior probabilities from the Bayesian analysis, respectively. Note

that the name of CCAP 979/26 has changed from Cryptomonas tetrapyrenoidifera to Cryptomonas curvata (Hoef-Emden and Melkonian 2003)
even though it is still sold as the former by the culture collection.
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Fic. 3. Whole cell absorption spectra (normalized to total chl-a) for Cryptomonas pyrenoidifera CCMP 1177 (A), Cryptomonas irregularis
NIES 698 (B), and Rhodomonas salina CCMP 1319 (C). Red lines indicate the approximate wavelength of maximum absorption by Cr-PE

566 (for C. pyrenoidifera) and Cr-PE 545 (for C. irregularis and R. salina).

tree. Our clade b (Rhinomonas, Rhodomonas and Store-
atula strains) also contains a Cryptomonas strain (dis-
cussed below). Interestingly, our phylogeny resolves
several previously reported (Hoef-Emden 2008,
Hoef-Emden and Archibald 2016) monophyletic
strains (Proteomonas sulcata, Falcomonas daucoides and
unidentified strain CCMP 2293). Here, we find sup-
port for a dyad consisting of CCMP 2293 and I dau-
coides ShP-CSU (Clade 3) and a clade consisting of a
Cryptomonas strain and two Proteomonas strains (Clade

7). We found one phylogenetically isolated strain
(unidentified CCMP 1179). Finally, we found a Rho-
domonas dyad with Geminigera cryophila. Geminigera
has previously been found to group with Plagioselmis,
and Teleaulax, which are absent in our phylogeny
(Marin et al. 1998, Hoef-Emden 2008, Hoef-Emden
and Archibald 2016).

Taxonomic status of Cryptomonas irregularis. Physi-
ologically, the Cryptomonas. irregularis NIES 698 strain
within our clade 5 is a marine strain, appears reddish
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Fic. 4. Optical properties of Hemiselmis cryptochromatica CCMP
1181. (A) The whole cell absorption spectrum, normalized to
chlorophyll-a concentration. The solid line is the average of tripli-
cate samples and the dotted line indicates standard deviation. (B)
A representative absorption spectrum for phycobiliproteins
extracted from H. cryptochromatica CCMP 1181, with the absorp-
tion peak (red line) at 569 nm.

in color, and contains Cr-PE 545. These are all char-
acteristics of Rhodomonas, Rhinomonas, and Storeatula.
In contrast, the Cryptomonas of Clade 2 are freshwa-
ter strains, appear gray/brown, and contain Cr-PE
566.

Since several phenotypic characteristics (e.g.,
PBP absorption peak, whole cell absorption spec-
tra, and pigment concentrations) of Cryptomonas
irregularis NIES 698 were unusual for a Cryptomonas
strain, we examined the published cellular ultra-
structural data and the placement of this strain
within our phylogeny to clarify genus classification.
A previous study compared the cellular ultrastruc-
ture of several Rhodomonas strains to the ultrastruc-
ture of a strain of C. érregularis (Erata and Chihara
1989). That study concluded that their strain of
C. irregularis should be reclassified as Rhodomonas
irregularis. Our molecular and phenotypic data cor-
roborate that conclusion.

Revised PBP diversity within Hemiselmis. The Hemi-
selmis group in clade 1 contains the greatest diversity
of PBP pigments among the cryptophytes (Cr-PE
555, Cr-PC 569, 577, and 615). Prior work indicates
that H. eryptochromatica (CCMP 1181) is the only

known Hemiselmis strain to contain an additional
PBP, Cr-PC 630 (Hoef-Emden 2008, Lane and
Archibald 2008, Hoef-Emden and Archibald 2016),
which otherwise is found only in Chroomonas. In con-
trast, our data indicate that H. cryptochromatica con-
tains Cr-PC 569 (Fig. 4). The dual absorption peaks
of the PBP extracted from H. cryptochromatica CCMP
1181 (Fig. 4B) match the major 569 nm and minor
630 nm absorption peaks previously described for
another cryptophyte that contains Cr-PC 569
(F. daucoides; Hill and Rowan 1989) and do not
match our Chroomonas strains that have Cr-PC 630.
We note that the relatively low PBP concentration
(0.27 pg cell’") of H. eryptochromatica made
absorption spectra challenging to acquire, and
required us to filter a higher than usual volume of
H. cryptochromatica CCMP 1181 for analysis. How-
ever, the acquired spectra show distinct peaks, and
we conclude that H. cryptochromatica CCMP 1181
contains Cr-PC 569 and not Cr-PC 630.

The identity of unidentified strain CCMP 2293. Previ-
ous studies have indicated that the strain CCMP 2293
belongs to the genus Falcomonas (Potvin and Lovejoy
2009, Terrado et al. 2011), although the strain is still
formally an unidentified strain. Our CCMP 2293 is a
reddish—brown strain that we believe contains Cr-PE
545 (Fig. S7 in the Supporting Information). An addi-
tional strain belonging to Falcomonas is blue-green in
appearance and contains Cr-PC 569 (Hill 1991, Clay
and Kugrens 1999), while Raho et al. (2014) report
that CCMP 2045 is 84.6% similar in sequence to
known Falcomonas strains. Also, our CCMP 2293 is an
Arctic isolate grown at 4°C, while F. daucoides is
reported to be grown at 18°C (Clay and Kugrens
1999). So, if CCMP 2293 does belong to the genus
Falcomonas, this indicates that the genus is more
diverse than previously recognized, and that it con-
tains at least two different PBP types.

Discovery of a red “Chroomonas”. Strains of Chroomo-
nas are known to contain either Cr-PC 630 or 645,
which causes these cells to appear green in color
(Hoef-Emden and Archibald 2016). Our phylogeny
indicates that unidentified strain CCMP 3175 resides
within Clade 1, but our phenotypic data show it to
be red in color and to contain Cr-PE 545 (Fig. 5). A
new revision of the Chroomonas genus (Hoef-Emden
(2018) based on DNA sequencing and ultrastructure
shows that there are at least two sub-clades within the
original Chroomonas clade that may not belong to
Chroomonas. The cell lengths of CCMP 3175 indicate
that it may fall into one of these subclades. However,
even if future taxonomic revision divides the genus
Chroomonas into three or more genera, the division is
unlikely to reflect differences in PBPs. This is because
CCMP 3175, although it has Cr-PE 545, clearly fell
into a clade of three strains where the others all con-
tain Cr-PC 645. Continued physiological and genetic
analysis, plus evaluation of cellular ultrastructure, will
be necessary to resolve fully the taxonomy of Chroomo-
nas and closely related genera.
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Fic. 5. Appearance and absorption properties of unidentified strain CCMP 3175. (A) Cells in culture. (B) The whole cell absorption
spectrum (mean £ SD of triplicate measurements), normalized to chl-a. (C) A typical absorption spectrum for phycobiliproteins extracted

from CCMP 3175, with a peak near 545 nm.

Phenotype-based  predictions  of  molecular  phy-
logeny. Results of our discriminant analysis showed
that PBP - cell !, maximum absorption wavelength
of that PBP, and habitat were fairly good, but not
perfect, predictors of clade membership. The visual
appearance of a strain is not necessarily a good indi-
cator of either genus or PBP type (see also Hoef-
Emden and Archibald 2016). As an example,
Hemiselmis phi CCMP 325 and Hemiselmis cryptochro-
matica CCMP 1181 look similar in appearance and
have similar whole cell absorption spectra (data not
shown) but different PBP types (Cr-PE 545 vs. Cr-PE
569, respectively). Strain color may also vary with
nutrient availability, particularly with nitrogen scar-
city, which decreases the rate of PBP synthesis or
may even result in breakdown of cellular PBP to
release nitrogen (Lewitus and Caron 1990, Guevara
et al. 2016). Researchers now prefer to combine
light and electron microscope observations of cellu-
lar ultrastructure with molecular phylogenetic analy-
ses to identify and classify cryptophytes (e.g., Hoef-
Emden 2007, Lane and Archibald 2008).

It is intriguing to note that none of the other
phenotypic traits (chl-a, chl-c, alloxanthin, or o-car-
otene concentration - cell” ' or - um?) were good
predictors of clade classification. This result suggests
that pigments other than the PBPs played a limited
role in the evolutionary divergence of cryptophyte
genera. Our pigment analysis also shows that cellu-
lar concentrations of PBPs are generally inversely
proportional to the concentration of chlorophylls (a
+ ¢), which suggests a trade-off in investments in
these different pigments. These apparent trade-offs

span the range of relative concentrations of PBPs,
with no clear phylogenetic pattern.

CONCLUSIONS

We have provided the first phylogenetically broad
comparison of key traits involved in light capture
within the Cryptophyta, a eukaryotic phylum known
for its diversity in pigmentation and color. The
combination of phenotypic data with phylogenetic
information allowed us to lend support to previous
studies that propose genus-level classification for
unidentified strain CCMP 2293 into Falcomonas and
a revised genus of a second (Cryptomonas irregularis
NIES 698 into Rhodomonas). Further, we add to the
PBP diversity within the Hemiselmis clade through
providing  evidence for the inclusion of
Hemuselmis cryptochromatica CCMP 1181 that contains
Cr-PC 569. Finally, we provide evidence that, despite
it being red in appearance and containing Cr-PE
545, CCMP 3175 should be included with Clade 1
“Chroomonas” species, but that its exact genus classi-
fication is currently under revision.
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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. Cryptophyte cultures showing range
in coloration and phycobiliprotein type, from left
to right: Rhodomonas salina CCMP 1319, Hemiselmis
andersenii. CCMP 644, Cryptomonas ovata UTEX
2783, Hemiselmis cryptochromatica CCMP 1181,
Hemiselmis pacifica CCMP 706, Hemiselmis tepida
CCMP 443, Chroomonas sp. SCCAP K1623, and
Chroomonas mesostigmatica CCMP 1168.

Figure S2. Whole cell absorption spectra, nor-
malized to chlorophyll-a concentration, for repre-
sentative strains shown in Figure S1 (A-H), each
having a different type of phycobiliprotein as indi-
cated. The solid vertical line in each panel repre-
sents the peak of maximum absorption for each
PBP. Presented are means (solid lines) =+ stan-
dard deviations (dashed lines; n = 3).

Figure S3. Same as Figure 2, but more easily
scalable.

Figure S4. Whole cell absorption spectra, nor-
malized to chlorophyll-a concentration, for Cryp-
tomonas acuta NIES 697 (A), Cryptomonas irregularis
NIES 698 (B), and Rhodomonas salina CCMP 1319
(C). Red lines indicate the approximate wave-
length of maximum absorption of the phyco-
biliprotein pigment Cr-PE 545 found in each
strain.

Figure S5. Absorption spectra for extracted
phycobiliprotein  pigments from cryptophyte

strains that were classified into Clade 1. The three
Chroomonas strains contain Cr-PC 645 but the
unidentified species CCMP 3175 instead contains
Cr-PE 545.

Figure S6. Absorption spectra for phycobilipro-
teins extracted from Hemiselmis strains classified
into Clade 1.

Figure S7. Appearance and absorption proper-
ties of unidentified strain CCMP 2293. (A) Cells
in culture. (B) Whole cell absorption spectrum
(mean =+ SD of triplicate measurements), normal-
ized to chl-a. (C) A typical absorption spectrum
for phycobiliproteins extracted from CCMP 2293,
with a peak near 545 nm.

Table S1. Culture conditions and sources for
the cryptophyte strains used in this study. Source
collections and their abbreviations: Culture Col-
lection of Algae and Protozoa (CCAP); National
Center for Marine Algae and Microbiota (NCMA,
formerly CCMP); The Culture Collection of Algae
at the University of Texas at Austin (UTEX);
Microbial Culture Collection at the National Insti-
tute for Environmental Studies (NIES); Canadian
Phycological Culture Center (CPCC); Scandina-
vian Culture Collection of Algae and Protozoa
(SCCAP). *Note that CCAP 979/26 was supplied
to us as Cryptomonas tetrapyrenoidosa but that the
name of this strain has been changed to Cryp-
tomonas cwrvata (Hoef-Emden and Melkonian
2008). Recipes for most media can be found in
the appendices of Andersen (2005). Org =
organic supplement.

Table S2. List of PCR and sequencing primers.

Table S3. Accession numbers for cryptophyte
strains in our phylogeny.

Table S4. Results of step-wise discriminant anal-
yses to predict clade classification from pheno-
typic and habitat characteristics of 33 strains of
cryptophytes. Variables included in the analysis:
habitat (freshwater, marine or estuarine), cell bio-
volume (umg), wavelength of maximum absorp-
tion by phycobiliprotein pigments (PBP peak
abs), PBP per cell, PBP - pm™~, chl-a per cell, chl-
a- umfg, chl-co per cell, chl-e - umfs, alloxan-
thin per cell, alloxanthin - pm™?, o-carotene per
cell and o-carotene - pm °. Three variables (in
bold) explained 77.8% of the variance and cor-
rectly classified 70.6% of the original grouped
cases.




