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Abstract
Diatoms play a fundamental role at the base of the polar marine food web. In the Southern Ocean, low iron concentrations 
and light levels control diatom abundance and distribution. Diatoms must therefore employ strategies that allow them to 
cope when iron and/or light availability is growth limiting. Through a combination of physiological and molecular-based 
approaches, we have investigated the physiological response to variable iron concentrations and light levels along with the 
expressed gene repertoires of nine newly isolated diatoms from the Western Antarctic Peninsula (WAP) region of the South-
ern Ocean. The diatoms ranged across five orders of magnitude in biovolume and displayed various degrees of susceptibil-
ity to low iron and light availability. Under the performed laboratory culture conditions, the growth rates of most diatoms 
decreased more due to low light level rather than low iron concentrations. Additionally, most diatoms were not subject to 
further reductions in growth rates when grown under combined low-light and iron-limiting conditions, indicating they are 
less likely to be co-limited by an additive effect. By sequencing the transcriptomes of these diatoms, we identified genes that 
likely facilitate their growth under variable iron and light conditions commonly present in the Southern Ocean. Specifically, 
we investigated the presence of 20 key genes involved in iron acquisition and homeostasis, iron usage in photosynthesis and 
nitrogen assimilation, and protection from reactive oxygen species. When comparing gene repertoires of recently sequenced 
transcriptomes of diatoms isolated from around the globe, the prevalence of certain genes exhibited biogeographical patterns 
that clearly distinguish Southern Ocean diatoms from those isolated from other regions.
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Introduction

Phytoplankton, such as diatoms, serve as the base of many 
polar marine food webs and support a wide variety of Ant-
arctic fauna including krill, fish, penguins, and whales 
(Saba et al. 2014). Southern Ocean marine ecosystems are 
being altered by anthropogenic climate change, potentially 

resulting in shifts in the composition, diversity, and growth 
of primary producers. Coastal regions along the Antarctic 
continent are particularly important as sites of upwelling and 
elevated primary production (Arrigo et al. 2008). An area of 
particular concern is the western Antarctic Peninsula (WAP) 
as it is experiencing rapid changes in climate, ecology, and 
oceanography (Saba et al. 2014). Biological systems in the 
WAP are sensitive to ice seasonality, and the recent warm-
ing temperatures and decrease in sea ice have resulted in 
significant decreases in phytoplankton biomass and shifts in 
species dominance from large diatoms to small flagellated 
cryptophytes (Montes-Hugo et al. 2009). The phytoplank-
ton communities in these regions are mainly composed of 
diatoms and prymnesiophytes such as Phaeocystis, and are 
responsible for large fluxes of CO2 drawdown in the region 
(Arrigo et al. 2010). However, despite plentiful nitrate and 
phosphate in the surface waters throughout the Southern 
Ocean (SO), primary production is often patchy (Moore 
and Abbott 2000).
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Two primary resources, iron and light, can limit the 
growth of phytoplankton in the Southern Ocean (Sunda and 
Huntsman 1997; Boyd et al. 2007; Strzepek et al. 2012). 
Iron is supplied naturally to the Southern Ocean by aeolian 
deposition, melting of sea ice, resuspension of sediments, 
and deep winter mixing; however, rapid biological uptake 
and particle scavenging deplete available iron and create 
high-nutrient (N and P), low-chlorophyll (HNLC) condi-
tions in which primary productivity is seasonally limited by 
iron availability (Martin 1990: Edwards et al. 2001; Cassar 
et al. 2007). Strong evidence for iron limitation comes from 
the results of iron fertilization experiments and natural iron 
inputs, both of which have resulted in massive phytoplank-
ton blooms where diatoms are the main responders (Boyd 
et al. 2000; Blain et al. 2007; Smetacek et al. 2012).

Most diatoms have higher growth requirements for exter-
nal iron (and other nutrients) relative to other types of phy-
toplankton due to a combination of their larger sizes and 
higher maximum growth rates (Raven 1990; Raven et al. 
1999). Iron limitation in diatoms results in decreased growth 
rate, chlorophyll-a content, and photosynthetic efficiency 
(Sunda and Huntsman 1995; Timmermans et  al. 2001; 
Arrigo et al. 2010). Diatoms can acclimate and adapt to 
low-iron conditions in a number of ways, including reducing 
cellular iron-to-carbon ratios (Sunda and Huntsman 1995; 
Strzepek et al. 2012), altering photosynthetic architecture 
(Strzepek and Harrison 2004), substituting iron-containing 
redox catalysts with non-iron-containing proteins or those 
that use other metal cofactors (La Roche et al. 1996; Peers 
and Price 2006), activating a high-affinity iron uptake system 
(Maldonado et al. 2006), performing luxury uptake of iron 
(Marchetti et al. 2009), and increasing surface area-to-vol-
ume (SA:V) ratios through changes in their size and shape 
(Sunda and Huntsman 1995; Marchetti and Harrison 2007).

Light availability is another important seasonal driver of 
phytoplankton growth and the determinant in occurrence of 
blooms. Deep winter mixed layers (> 100 m), and months 
of darkness, can result in phytoplankton experiencing con-
siderable periods of light limitation (Sallée et al. 2010). 
Climate change is predicted to affect light availability and 
iron supply in the Southern Ocean (Feng et al. 2010; Smith 
et al. 2014), with both positive and negative effects on phy-
toplankton growth and primary productivity, particularly 
in the WAP (Montes-Hugo et al. 2009; Saba et al. 2014). 
In the northern region of the WAP, declines in sea ice and 
increased winds have resulted in deeper mixed layers with 
an overall decrease in mean light levels, causing significant 
declines in summertime surface chlorophyll concentrations 
(Venables et al. 2013). In the southern region of the WAP, 
there is an increase in surface chlorophyll concentrations due 
to sea ice melt and increased stratification (Montes-Hugo 
et al. 2009). While increased irradiance is the sole control-
ling factor in initiating blooms in spring and early summer, 

by mid-summer iron can be the main factor limiting primary 
production due to shoaling of the mixed layer (Boyd et al. 
2001). However, sea/ice dynamics are complicated espe-
cially in light of a warming climate. In future scenarios, 
decreased stratification from stronger winds might lead to 
alleviated seasonal nutrient (iron) limitation, as nutrient-rich 
deep water would be mixed to the surface more frequently. 
Conversely, iron limitation might become more pronounced 
as sea ice and glacial melt strengthens stratification, although 
this would reduce the variability in light conditions (Vena-
bles et al. 2013). However, co-limitation of iron and light is 
also possible at different times and regions of the Southern 
Ocean (Sunda and Huntsman 1997; Boyd 2002).

Numerous studies have examined the unique physiologi-
cal responses of single to a few SO diatoms to iron and light 
limitation (e.g., Arrigo et al. 2010; Alderkamp et al. 2012; 
Strzepek et al. 2012). However, a thorough assessment of 
the extent to which SO diatoms can cope under low-iron and 
low-light conditions along with the molecular underpinnings 
orchestrating these responses is still lacking. In an effort to 
expand on the findings of previous studies, we compared the 
physiology of nine newly isolated SO diatoms grown under 
a matrix of iron and light conditions, in conjunction with a 
transcriptomic investigation into the presence of iron and 
light-related genes and metabolic pathways of each diatom. 
Some of the examined genes have been shown to have a 
direct role in iron homeostasis, photosynthesis, and nitrogen 
assimilation, while others have putative functions in other 
pathways affected by iron and/or light. In addition, we uti-
lized publically available transcriptomes from the Marine 
Microbial Eukaryote Transcriptome Project (MMETSP; 
Keeling et al. 2014) to provide insights into the molecular 
bases of physiological adaptations to low-iron and low-light 
conditions in diatoms isolated from the Southern Ocean 
compared with non-Southern Ocean diatoms from regions 
around the globe.

Materials and methods

Diatom isolation and identification

Nine species of diatoms were isolated from the West-
ern Antarctic Peninsula along the PalmerLTER sam-
pling grid in 2013 and 2014 (Table 1). Isolations were 
performed using an Olympus CKX41 inverted micro-
scope by single cell isolation with a micropipette (Mac-
Intyre and Cullen 2005). Diatom species were identified 
by morphological characterization and 18S rRNA gene 
(rDNA) sequencing. DNA was extracted with the DNeasy 
Plant Mini Kit according to the manufacturer’s proto-
cols (Qiagen). Amplification of the nuclear 18S rDNA 
region was achieved with standard PCR protocols using 
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eukaryotic-specific, universal 18S rDNA  forward and 
reverse primers. Primer sequences were obtained from 
Medlin et al. (1988) and are as follows: 18AF 5′-AAC​
CTG​GTT​GAT​CCT​GCC​AGT-3′ and 18BR 5′-TGA​TCC​
TTC​TGC​AGG​TTC​ACC​TAC​-3′. The amplified region was 
between 1764 and 1803 base pairs (bp) for all diatoms, 
except Navicula sp. and C. cf. sociales, for which the 18S 
rDNA regions were 1660 and 1627 bp, respectively.

Pseudo-nitzschia species are often difficult to identify 
by their 18S rDNA sequence; therefore, additional confir-
mation of the taxonomic identification of P. subcurvata 
was provided through sequencing of an 18S-ITS1-5.8S 
region. Amplification of this region was performed with 
the 18SF-euk and 5.8SR-euk primers of Hubbard et al. 
(2008): 18SF-euk 5′-CTT​ATC​ATT​TAG​AGG​AAG​GTG​
AAG​TCG-3′ and 5.8SR-euk 5′-CTG​CGT​TCT​TCA​TCG​
TTG​TGG-3′. Analysis of this ITS1 fragment resulted in 
the highest sequence homology and length similarity to P. 
subcurvata (Strain: 1-F, Accession number: DQ329205). 
PCR products were purified using either QIAquick PCR 
Purification Kit (Qiagen) or ExoSAP-IT (Affymetrix) 
and sequenced by Sanger DNA sequencing (Genewiz). 
Sequences were edited using Geneious Pro 5.6.4 software 
(Kearse et al. 2012) and BLASTn sequence homology 
searches were performed against the NCBI nucleotide non-
redundant (nr) database to determine species with a cutoff 
identity of 98% (Altschul et al. 1990).

Diatom phylogenetic tree analysis was performed with 
Geneious Pro 5.6.4 and included 75 diatom 18S rDNA 
sequences from publically available genomes and tran-
scriptomes, including those in the MMETSP database. 
Diatom sequences were trimmed to the same length 
(1297 bp) and aligned with MUSCLE (Edgar 2004). A 
phylogenetic tree was created in Mega v.6 with the Maxi-
mum-likelihood method of tree reconstruction, the Jukes-
Cantor genetic distance model, and 100 bootstrap repli-
cates (Jukes and Cantor 1969).

Growth conditions, physiological characteristics, 
and biovolumes

Isolates were maintained at 4 °C in constant irradiance at 
intensities of either 10 μmol photons m−2 s−1 (low light) 
or 90 μmol photons m−2 s−1 (growth-saturating light) and 
with media containing high and low iron concentrations. 
Light intensities were chosen based on previous published 
culture experiments (Arrigo et al. 2010; Strzepek et al. 2011; 
Petrou et al. 2014; Hoppe et al. 2015). Isolates were grown 
in a matrix of Fe and light intensities: high-iron, growth-
saturating light (+FeSL), low-iron, growth-saturating light 
(−FeSL), high-iron, low-light (+FeLL), and low-iron, low-
light (−FeLL) conditions. Cultures were grown in the syn-
thetic seawater medium, AQUIL, enriched with filter steri-
lized vitamins and trace metals containing 100 μmol L−1 
EDTA. The growth media also contained 300 μmol L−1 
nitrate, 200 μmol L−1 silicic acid, and 20 μmol L−1 phos-
phate. Fe bound to EDTA was added for total iron concen-
trations of either 1370 or 3.1 nmol L−1 to achieve high-
iron and low-iron media, respectively, in the presence of 
100 μmol L−1 EDTA. Predicted dissolved inorganic iron 
(Fe′) concentrations are ~ 2.7 × 103 pmol L−1 for the high-
iron and ~ 6 pmol L−1 for the low-iron treatments, although 
these may deviate slightly due to the lower culturing temper-
ature and light intensities used in our experiments (Marchetti 
et al. 2009). All cells were pre-acclimated to each treat-
ment’s light level and iron concentration for at least three 
transfers before reported growth rates or photophysiology 
measurements were collected. All media preparation and 
subsampling were performed under a positive-pressure, trace 
metal clean laminar flow hood. Cultures were grown in acid-
washed 28-mL polycarbonate centrifuge tubes (Nalgene) and 
maintained in exponential phase by dilution. When cells 
were in late-exponential phase, 50–1000 μL of dense culture 
media was transferred into 28 mL of fresh media resulting 
in a dilution factor between 29 and 560. Specific growth 

Table 1   List of SO diatom isolates with strain designation, isolation location along the PalmerLTER cruise track, best hit to 18S rDNA sequence 
in NCBI GenBank including sequence similarity, and 18S rDNA GenBank accession number

Polar diatoms Strain ID PalmerLTER station Latitude Longitude GenBank best hit % similarity 
to best hit

Accession number

Thalassiosira antarctica UNC1404 200.180 − 66.579 − 72.739 DQ514874.1 99 KX253953
Navicula sp. UNC1405 100.040 − 68.112 − 72.346 KC771158.1 99 KX253954
Chaetoceros cf. sociales UNC1406 200.–020 − 67.296 − 69.665 HM581778.1 100 KX253957
Chaetoceros rostratus UNC1407 200.–020 − 67.296 − 69.665 X85391.1 99 KX253958
Proboscia alata UNC1408 200.040 − 67.511 − 70.589 AY485525.1 99 KX253955
Pseudo-nitzschia subcurvata UNC1409 200.040 − 67.511 − 70.589 AY485490.1 99 KX253952
Actinocyclus actinochilus UNC1410 400.040 − 66.254 − 67.337 AY485506.1 99 KX253959
Eucampia antarctica UNC1411 200.020 − 67.642 − 70.269 X85389.1 98 KX253956
Fragilariopsis cylindrus UNC1301 200.180 − 66.579 − 72.739 AY485467 100 –
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rates of successive transfers were calculated from the linear 
regression of the natural log of in vivo chlorophyll-a fluores-
cence using a Turner 10-AU fluorometer (Brand et al. 1981). 
Interactive effects between iron and light were determined 
by performing a two-way ANOVA. Post hoc Tukey tests 
were also performed in order to determine which treatments 
differed significantly (p < 0.05) (n ≥ 3). All tests passed the 
Shapiro–Wilks Normality test unless otherwise stated, in 
which case p values are representative of the Mann–Whitney 
Rank Sum test. ANOVA did not test the interaction between 
+FeSL and −FeLL, and therefore we performed an unpaired 
t test between these treatments for significant differences 
in growth rate and photophysiological parameters. In the 
case of T. antarctica, no growth rates were measured in the 
combined low-iron and low-light conditions as cultures did 
not achieve steady-state growth in this treatment. Statistical 
analyses of growth rates and photophysiological data were 
performed with SigmaPlot 12.5 (SysStat Software Inc.). 
Plots were created using Matlab R2014b software.

Photophysiological parameters were measured with a 
Fluorescence Induction Relaxation System (FIRe) (Satat-
lantic). Samples were dark acclimated for at least 10 min and 
measurements were taken of each culture for photosynthetic 
efficiency (Fv:Fm), and functional absorption cross section of 
PSII (σPSII [Å2 quanta−1]). Fv:Fm and σPSII were measured 
when cultures were in mid- to late-exponential phase. FIRe 
parameters were set to measure single-turnover flash of PSII 
reaction centers (single closure event) with a sample delay 
of 100 and a total of 50 iterations (Gorbunov and Falkowski 
2005).

To estimate biovolumes of each diatom species, frustules 
were viewed using an Olympus BX61 Upright Wide Field 
Microscope with the differential interference contrast imag-
ing mode and a 60X/1.42 Oil PlanApo N objective lens. 
Valve apical length (AL), transapical width (TW), and per-
valvar height (PH) dimensions were estimated with Scion 
Image software (http://scion-image.software.informer.
com; June 2015). Mean diatom biovolumes were calculated 
according to Hillebrand et al. (1999) where pennate diatoms 
were modeled after elliptic prisms and centric diatoms were 
modeled after cylinders. For all species except T. antarctica, 
at least four cells were imaged and measured to obtain aver-
age cell dimensions (T. antarctica sample size n = 1).

RNA extractions, transcriptome library preparation, 
and sequencing

Cultures for high-throughput sequencing of mRNA were 
grown in acid-washed 2L polycarbonate bottles in iron-
replete conditions under growth-saturating light (90 μmol 
photons m−2 s−1) in order to achieve enough RNA mate-
rial for subsequent sequencing. After reaching late-expo-
nential/early-stationary phase, cultures were harvested onto 

polycarbonate filters (3.0 µm pore size, 25 mm) and stored 
at −80 °C. Glass beads were added to the cells before they 
were mechanically disrupted for 1 min in a bead beater. 
Further RNA isolation steps were performed according to 
the RNAqueous 4PCR Kit (Ambion) protocol. Residual 
genomic DNA was eliminated by DNAseI digestion at 
37 °C for 45 min. Sample concentrations were quantified 
using a Qubit 2000 Fluorometer. An Agilent Bioanalyzer 
2100 was used to determine RNA integrity. mRNA libraries 
were generated with ~ 2 μg of total RNA and prepared with 
the Illumina TruSeq Stranded mRNA Library Preparation 
Kit. Samples were individually barcoded and pooled prior 
to sequencing on the Illumina MiSeq platform at the High-
Throughput Sequencing Facility (HTSF) at UNC-Chapel 
Hill. Sequencing resulted in approximately 0.7–2 million 
paired-end reads of 2 × 300 bp per sample (Table 2).

Sequence assembly and annotation

Illumina TruSeq adapters and poly-A tails were trimmed 
from raw reads using the Fastx_toolkit v0.0.13 clipper func-
tion. Fastq_quality_filter was used to remove poor-quality 
sequences, such that remaining sequences had a minimum 
quality score of 20 with a minimum of 80% of bases within 
a read meeting this quality score requirement. Any remain-
ing raw sequences less than 50 base pairs in length were 
also removed. Merged files were assembled de novo using 
Trinity 2.0.6 (Grabherr et al. 2011). The resulting assembly 
was filtered to remove contigs less than 200 bp in length. 
Trinity-generated components (a group of contigs represent-
ing possible splice variants of the same gene) were then used 
for sequence homology searches (BLASTx E-value ≤ 10−5) 
against the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database (Kanehisa et al. 2006).

To assess the quality of our Trinity-assembled transcrip-
tomes and annotation, protein-coding sequences were used 
to determine completeness and contiguity. BUSCO v.2 
(Benchmarking Universal Single-Copy Orthologs) soft-
ware was used to assess the completeness of genomes and 
transcriptomes based on sets of single-copy orthologous 
groups derived from OrthoDB that are highly conserved 
within multiple lineages (Simão et al. 2015). Complete-
ness was assessed by using the eukaryote BUSCO gene set, 
which contains 303 genes, to recover orthologs within our 
transcriptomes. Completed, duplicated, and fragmented 
orthologs were determined by meeting an ‘expected score’ 
and having aligned sequences within two standard deviations 
of the BUSCO gene’s length. Duplicated orthologs are those 
that have multiple copies of full-length genes that meet the 
‘expected score’ and length cutoffs of the BUSCO gene. A 
second metric of completeness was performed by evaluating 
conserved pathways, such as the ribosome and spliceosome, 
using the single-directional best-hit method in the KEGG 

http://scion-image.software.informer.com
http://scion-image.software.informer.com
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Automatic Annotation Server (KAAS) (Moriya et al. 2007). 
Finally contiguity, or the distribution of longest-assembled 
contigs mapped to reference genes, was calculated at the 
0.75 level according to Martin and Wang (2011) with cus-
tom scripts.

To obtain raw count data for each transcriptome, unas-
sembled sequence reads were aligned to the final Trinity 
assembly using Bowtie 2 v2.2.5, with the end-to-end option 
and the R and D parameters set to 10 and 20, respectively 
(Langmead and Salzberg 2012). Only unique read pairs that 
aligned once were reported. The resulting count data cor-
respond to the number of unique read matches per Trinity 
component. Mapped reads were normalized by the Reads 
per Kilobase per Million reads method (RPKM) (Mortazavi 
et al. 2008). RPKM takes into consideration two biases from 
Illumina sequencing runs: library size and gene length; how-
ever, it has been shown that normalizing gene expression 
by gene length can introduce a bias toward less expressed 
genes (Oshlack and Wakefield 2009). While RPKM has been 
shown to be inconsistent between samples, as the expressed 
transcript length can vary between samples, it is still a useful 
unit as a semi-quantitative measure for identifying presence 

and relative abundance of key genes of interest in this study 
(Li et al. 2009).

Gene presence biogeographical distribution

Twenty salient protein-encoding genes of interest were 
selected in the study to investigate the molecular basis of 
iron and light limitation in polar diatoms (Online Resource 
1). These genes include ferritin (FTN), iron-starvation-
induced protein −1, −2a, and −3 (ISIP1, ISIP2a and ISIP3), 
flavodoxin (FLDA), ferredoxin (petF), plastocyanin (PCYN), 
cytochrome c6 (CYTC6), Fe-superoxide dismutase (SOD), 
mitochondrial alternative oxidase (AOX), multi-copper oxi-
dase (MCO), iron (III) permease (FTR1), ferric reductase 
(FRE), rhodopsin (RHO), plastid terminal oxidase (PTOX), 
cellular repressor of EA1-stimulated genes (CREG), natural 
resistance-associated macrophage protein (NRAMP), nitrite 
and nitrate reductase (NiR, NR), and argininosuccinate syn-
thase (ASSY). Reference sequences for each of these genes 
were obtained from the F. cylindrus and P. tricornutum JGI 
genome portals and T. pseudonana and T. oceanica NCBI 
and GenBank repositories (Online Resource 1; Bowler et al. 

Table 2   Statistics of sequencing, assembly, annotation, and quality metrics for completeness and contiguity for the SO diatom transcriptomes

a Threshold 0.75
b Completeness of genome based on 303 core eukaryotic genes

Eucampia ant-
arctica

Chaetoceros 
cf. sociales

Proboscia alata Actinocyclus 
actinochilus

Navicula sp. Thalas-
siosira 
antarctica

Chaetoceros 
rostratus

Pseudo-
nitzschia 
subcurvata

Raw sequence 
reads

2,127,016 1,186,729 994,652 1,156,014 678,857 1,360,375 1,947,526 1,029,044

Number of 
contigs

7017 13,951 35,446 46,996 50,365 51,335 43,335 30,791

Number of 
isogroups

6834 13,825 34,393 44,018 48,609 47,947 39,811 28,995

Transcriptome 
size (Mb)

2.3 4.9 15.2 24.7 26.6 29.1 27 27.1

Average contig 
length (bp)

330 353 430 526 527 567 624 881

Maximum con-
tig length (bp)

6103 5810 7209 5975 7283 6551 6817 8191

Minimum contig 
length (bp)

224 200 200 200 200 200 200 200

N50 327 351 465 638 622 736 851 1265
Contiguitya 0.1 0.07 0.11 0.2 0.16 0.23 0.19 0.25
BUSCOb (%) 16 34 42 65 62 71 69 74
KAAS pathway completeness
 Spliceosome 

(%)
21 32 64 87 65 75 77 79

 Ribosome (%) 60 73 80 70 80 81 79 70
KEGG—func-

tionally anno-
tated contigs

2158 [0.22] 2473 [0.24] 4098 [0.16] 4571 [0.13] 5226 [0.12] 4935 [0.15] 4845 [0.15] 4568 [0.16]
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2008; Mock et al. 2017). Reference sequences were identi-
fied in the transcriptomes by translated nucleotide homology 
searches (tBLASTn) with an e-value cutoff of < 10−5. A 
reciprocal tBLASTn homology search was performed for 
each transcriptome against the KEGG GENES database, 
using the single-directional best-hit method KAAS online 
tool to ensure consistent gene annotations (Moriya et al. 
2007). The RPKM unit was determined for Trinity-gener-
ated components that were homologous with the reference 
query. We calculated RPKM as a way to semi-quantitatively 
confirm likelihood of the presence of a gene, assuming that 
genes with high transcript abundance are more likely to be 
detected, if present (Online Resource 1). Although a number 
of these genes have been shown to have increased expression 
under iron-limiting growth conditions, transcripts are also 
present within Fe-replete cells (Kustka et al. 2007; Allen 
et al. 2008; Lommer et al. 2012). Transcripts for each gene 
detected in our isolates were translated and aligned using 
Geneious 5.6.4 (Online Resource 2). Included in these align-
ments are BLASTp sequences for genes of interest from sev-
eral MMETSP transcriptomes from the same diatom species 
(different strains), where available.

Subsequently, reference sequences were identified in the 
MMETSP protein database by BLASTp (E-value < 10−5) 
homology searches among the diatom transcriptomes. The 
76 diatoms sequenced as part of the MMETSP include 
raphid and araphid pennates, and radial and bi-multipolar 
centrics isolated from all ocean basins including coastal, 
open-ocean, polar, temperate, tropical, and HNLC regions. 
The transcriptomes and their associated latitude and lon-
gitude were obtained from iMicrobe Data Commons (Pro-
ject Code CAM_P_0001000) and the National Center for 
Marine Algae and Microbiota (NCMA) (Online Resource 
1). Quantitative read counts, through RPKM or other dif-
ferential analysis, could not be used for comparing genes 
between samples because of inherent differences in cul-
turing conditions and sequencing methods. Therefore, we 
made a semi-quantitative comparison by investigating the 

presence or absence of genes within the MMETSP database. 
Importantly, because gene expression as well as transcrip-
tome depth varies among cultures and growth conditions, 
the absence of a gene could perhaps be due to insufficient 
sequencing depth and/or transcriptional regulation. Thus, 
our survey provides evidence of presence, but not definitive 
absence from the genome.

To understand if these diatom genes had a biogeographi-
cal distribution throughout global ocean surface waters, 
we performed sequence homology searches of our genes 
of interest in the MMETSP database, as well as the tran-
scriptomes of two pennate diatoms isolated from iron-lim-
ited waters in the NE Pacific Ocean (P. granii and Gram-
monema  cf. islandica) and the genome of F. cylindrus 
(Online Resource 1). In total, 65 diatom species were iso-
lated in regions outside of the Southern Ocean, while 22 
species were isolated in the vicinity of the Southern Ocean 
(arbitrarily defined as the area south of 47°S). Custom Mat-
lab scripts allowed global biogeographical distribution of 
key genes of interest to be mapped by their isolation loca-
tion. Fisher’s exact test was used to compare the distribution 
of genes that were present or absent in diatoms isolated from 
Southern Ocean compared to non-Southern Ocean regions.

Results

Isolates collected for this study include three raphid pen-
nate diatoms: Pseudo-nitzschia subcurvata, Fragilariopsis 
cylindrus and a Navicula sp.; two radial centric diatoms: 
Actinocyclus actinochilus and Proboscia alata; and four bi-
multipolar centrics: Thalassiosira antarctica, Eucampia ant-
arctica, Chaetoceros cf. sociales and Chaetoceros rostratus. 
Our diatom collection did not include any araphid pennates. 
The diatoms were isolated from the following Pal-LTER sta-
tions: 200.–020 in Marguerite Bay; 200.180, an off-shelf 
region; and 400.040, 200.040, and 100.040 in mid-shelf 
regions (Table 1). Full-length 18S rDNA sequences were 
aligned with 76 other diatom 18S rDNA sequences obtained 
from the MMETSP database (Fig. 1). Despite originating 
from a relatively small geographic region, these diatoms 
represent diverse lineages. Of the diatom transcriptomes 
sequenced as part of the MMETSP, five of our polar isolate 
transcriptomes are unique—the transcriptomes of A. actino-
chilus, Navicula sp., P. subcurvata, C. rostratus, and C. cf. 
sociales have not been previously sequenced.

We investigated growth and photophysiology under 
two different iron and light conditions. Among the isolates 
grown in iron-replete, growth-saturating light conditions 
(+FeSL), maximum growth rates ranged from 0.25 d−1 
for A. actinochilus to 0.65 d−1 for C. cf. sociales (Fig. 2); 
Fv:Fm values ranged from 0.47 for E. antarctica to 0.55 for 
C. cf. sociales; and σPSII ranged from 222 for T. antarctica 

Fig. 1   Map of the Pal-LTER study region and sampling grid (Cour-
tesy R. Iannuzzi and D. Martinson), modified from http://pal.lternet.
edu/gallery/index.php/envira/palmer-maps/. Yellow circles denote 
LTER grid stations and green circles denote process stations. Other 
circles denote stations where isolates were collected and are colored 
based on diatom clade. Stations are 20  km apart on lines 100  km 
apart. The shading indicates bathymetry. Phylogenetic tree gener-
ated through Maximum-likelihood analysis of 18S rDNA of dia-
toms sequenced as part of the MMETSP and diatom isolates from 
this study (denoted with a black diamond). Best hit to 18S rDNA 
sequences in NCBI GenBank is also included for each isolate. Colors 
distinguish bi-polar (blue) and radial (orange) centric diatoms and 
raphid (purple) and araphid (red) pennate diatoms. Node labels 
show  >  50% consensus support for tree arrangement. Bolidomonas 
pacifica, a eukaryotic, picoplanktonic heterokont was used as the out-
group

◂

http://pal.lternet.edu/gallery/index.php/envira/palmer-maps/
http://pal.lternet.edu/gallery/index.php/envira/palmer-maps/
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to 511 Å2 quanta−1 for F. cylindrus (Online Resource 2). 
Maximum specific growth rates under iron-replete condi-
tions determined for F. cylindrus, E. antarctica, P. alata, T. 
antarctica, and A. actinochilus are comparable to previously 
published growth rates of the same or closely related polar 
species (Agusti and Duarte 2000; Timmermans et al. 2004; 
Strzepek et al. 2012).

The growth rates of isolates in low-iron, saturating light 
conditions (−FeSL) were reduced by 12–64% compared to 
+FeSL (Fig. 2 and Online Resource 2). All diatoms, except 
P. alata and E. antarctica, experienced iron limitation 
under our low-iron conditions, as their growth rates were 
significantly reduced (ANOVA, p < 0.05). In iron-limited 
cells, Fv:Fm is expected to decline as excitation energy is 
less efficiently transferred from the light-harvesting antenna 
systems to PSII reaction centers (Schrader et al. 2011). This 
reduced efficiency is supported by previous research in cul-
ture and field-based experiments (Greene et al. 1991; Sug-
gett et al. 2009; Petrou et al. 2014). In our study, Fv:Fm was 
generally less responsive to iron stress than was growth rate. 
For Navicula sp., T. antarctica, and C. cf. sociales, Fv:Fm 
decreased significantly from 19 to 49% (ANOVA, p < 0.05) 

relative to the maximum Fv:Fm in the +FeSL culture, but for 
the other species there were no significant changes (Online 
Resource 2). Conversely, σPSII characteristically increases 
under iron-limited conditions as a result of an increase in the 
ratio of PSII antenna complexes relative to reaction center 
complexes (Greene et al. 1991). The increase in σPSII has 
also been proposed to be due to an increase in the size of the 
absorption cross-section area, rather than the number of the 
photosynthetic subunits (Strzepek et al. 2012), which might 
also facilitate healthier photosystems in low light. In our 
study, σPSII was observed to significantly increase (ANOVA, 
p < 0.05) under low-iron conditions in five of the eight spe-
cies, including F. cylindrus, Navicula sp., T. antarctica, 
E. antarctica, and C. cf. sociales. P. alata did not exhibit 
any characteristics associated with iron limitation. While a 
decrease in growth rate and Fv:Fm was not observed in E. 
antarctica, there was an increase in σPSII, perhaps suggest-
ing this species was experiencing the onset of iron-stressed 
growth when grown under our low-iron conditions.

A decrease in light intensity from 90 to 10 μmol pho-
tons m−2 s−1 in the high-iron cultures (+FeLL) signifi-
cantly decreased the specific growth rate by 12–60% for all 

Fig. 2   Comparison of growth 
rates for the nine diatom isolates 
grown under high-iron, growth-
saturating light (+FeSL), 
low-iron, growth-saturating 
light (−FeSL), high-iron, low-
light (+FeLL), and low-iron, 
low-light (−FeLL) conditions. 
See methods for details of spe-
cific treatments. Letters denote 
significant differences in growth 
rates (ANOVA, p < 0.05; Stu-
dent’s t test or Mann–Whitney, 
p < 0.05). Error bars represent 
one standard error of the mean 
(n ≥ 3). ng signifies no growth 
in a treatment
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diatoms, except F. cylindrus (p < 0.05; Online Resource 2). 
F. cylindrus was the only diatom not to express decreased 
growth in the iron-replete, low-light treatment, which may 
be due to its photoacclimatory abilities. Growth-saturating 
irradiance for F. cylindrus is as low as 25 μmol photons 
m−2 s−1, but has been shown to photoacclimate to irradi-
ances as high as 250 (Kropuenske et al. 2009; Arrigo et al. 
2010). In the low-light cultures, Fv:Fm either remained the 
same or increased, and for A. actinochilus, P. subcurvata, 
E. antarctica, and C. rostratus, the increase was statistically 
significant (p < 0.05). There was no significant change in 
σPSII in any of the +FeLL cultures compared to +FeSL 
cultures. These trends in Fv:Fm and σPSII suggest SO dia-
toms might have unique mechanisms to maintain an effi-
cient photochemical yield and cross-sectional adsorption 
area of PSII, despite a reduction in growth under low-light 
conditions. Interestingly, when diatoms overwinter in the 
Southern Ocean, experiencing months of almost complete 
darkness, they retain a functional photosynthetic electron 
transport (PET) chain, which may facilitate a rapid accli-
mation to more favorable light conditions in spring (Peters 
and Thomas 1996). In many of our treatments, growth rate, 
Fv:Fm, and σPSII were appreciably uncoupled.

When cells were grown under the combined low-iron and 
low-light growth condition (−FeLL), all isolates experienced 
significant decreases in growth rate of at least 35% (ANOVA, 
p < 0.05) relative to +FeSL cultures (Online Resource 2). 
However, significant declines in Fv:Fm compared to the 
maximum Fv:Fm in +FeSL cultures were only evident in 
F. cylindrus (Mann–Whitney, p = 0.01) and Navicula sp. 
Increases in Fv:Fm in the −FeLL treatment were observed 
in A. actinochilus, and E. antarctica. An increase in σPSII 
of ~ 30% (p < 0.05) relative to the minimum σPSII in +FeSL 
was observed in F. cylindrus, P. alata (Mann–Whitney; 
p = 0.024), and C. cf. sociales. Steady-state measurements 
of growth in T. antarctica in −FeLL were not obtainable due 
to the cessation of cell growth.

The diatoms isolated for this study represent a wide range 
of cell sizes and biovolumes. Biovolumes per cell for the iso-
lates ranged across five orders of magnitude from 50 µm3 for 
F. cylindrus to > 105 µm3 for T. antarctica (Online Resource 
2). To examine how cell size may affect growth under low-
iron and/or low-light conditions, we compared diatom bio-
volume to the µmax as well as µ:µmax under low-iron (Fe 
effect) and low-light (light effect) conditions. In replete con-
ditions, µmax was not significantly correlated with biovolume 
(r = -0.51, p = 0.16; Online Resource 2). Similarly, under 
low-iron or low-light conditions, there was not a significant 
correlation between µ:µmax and biovolume (Fe; r = −0.36, 
p = 0.35 and light; r = −0.28, p = 0.47; Online Resource 2).

Transcriptome sequence library sizes ranged from 
678,857 (Navicula sp.) to 2,127,016 (E. antarctica) paired-
end reads (Table 2). Assemblies yielded transcriptomes with 

7017 contigs (E. antarctica, N50 = 327) to 30,791 contigs 
(P. subcurvata, N50 = 1265). The minimum length of a 
contig was 200 base pairs (bp) in all transcriptomes and the 
average contig length was between 330 bp (E. antarctica) to 
881 bp (P. subcurvata; Table 2). Mapping reads back to the 
assembled transcriptome resulted in mapping efficiencies 
of 12% (E. antarctica) to 54% (T. antarctica). Functional 
annotation was provided with KAAS tBLASTn comparison 
against the KEGG database. The single-directional best-hit 
method was used, yielding transcriptomes with 12–24% 
functionally annotated contigs (Table 2).

In addition to reporting N50 values, each de novo assem-
bly was assessed for contiguity and completeness. Contigu-
ity analysis yielded transcriptomes with 0.07 (C. cf. sociales) 
to 0.25 (P. subcurvata) coverage values, indicating there are 
many partial genes within our transcriptomes. Ideally, the 
distribution of contigs that cover a reference gene should 
be closer to 1. However, in the case of Navicula sp., a mid-
range quality transcriptome, contiguity was 0.16 (Online 
Resource 2).

Quality metrics of transcriptome completeness were cal-
culated with BUSCO and KEGG mapping tools. Using the 
eukaryote BUSCO gene set allowed for assessing the pres-
ence of 303 highly conserved genes within our transcrip-
tomes. Through assessing both the complete and fragmented 
orthologs, coverage of our transcriptomes ranged from 16% 
(E. antarctica) to 74% (P. subcurvata) (Table 2). As a com-
parison, the BUSCO scores of strains of E. antarctica, T. 
antarctica, and P. alata sequenced as part of the MMETSP 
were between 66 and 80%. Despite the slightly lower scores 
of our transcriptomes for T. antarctica and P. alata (71 
and 42%, respectively), there is excellent agreement with 
gene presence/absence between these diatoms and those of 
the same species sequenced as part of MMETSP (Fig. 3). 
Indeed, the E. antarctica strain in our study had the lowest 
sequencing depth and gene coverage, although we were able 
to recover additional genes of interest by querying a strain 
sequenced as part of the MMETSP (Fig. 3). Nonetheless, 
the absence of key genes of interest queried in this study for 
isolates with low transcriptome completeness (i.e., C. cf. 
sociales) should be interpreted with caution.

We investigated 20 protein-encoding genes potentially 
involved in iron and/or light stress responses in our iso-
lates, and the isolates sequenced as part of the MMETSP. 
Protein substitution is a common strategy used by diatoms 
in photosynthesis to reduce their Fe requirements. When 
iron is scarce, diatoms will substitute iron-containing 
cytochrome c6 (CYTC6) for copper-containing plastocya-
nin (PCYN) (Peers and Price 2006). CYTC6 transcripts 
were detected in all our isolates, as well as in 95% of dia-
toms in the world’s oceans, with no statistically signifi-
cant difference in its biogeographical distribution (Fish-
er’s exact test, p = 0.999) (Fig. 4, Online Resource 1). 
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PCYN displayed a statistically significant biogeographical 
distribution with 95% of SO diatoms expressing PCYN, 
while only 22% of non-SO diatoms expressed the gene 
(most grown under replete conditions) (Fisher’s exact 
test, p < 0.001). Transcripts for the redox substitution pair 
CYTC6 and PCYN were found in all eight of our diatom 
transcriptomes (as well as the F. cylindrus genome; Mock 
et al. 2017).

Under low-iron conditions, diatoms will substitute flavo-
doxin (FLDA) for ferredoxin (PetF) in PET (La Roche et al. 
1996). PetF transcripts were identified in C. cf. sociales, 
Navicula sp., A. actinochilus, P. subcurvata, and F. cylin-
drus; however, FLDA was present in all of our isolates as 
well as 100% of SO diatom sequenced in the MMETSP 
(Fisher’s exact test, p < 0.001). There was not a statisti-
cally significant biogeographical trend in the distribution of 

PetF, although it was identified in only 32% of SO isolates 
(Fisher’s exact test, p = 0.144) (Fig. 4, Online Resource 1).

Additional genes we investigated associated with pho-
tosynthetic ATP production that could be helpful to SO 
diatoms include plastid terminal oxidase (PTOX), prote-
orhodopsin (RHO), and mitochondrial alternative oxidase 
(AOX). First, in addition to linear electron transport, diatoms 
can synthesize ATP by creating an alternate cyclic electron 
pathway from photosystem II (PSII) to PTOX. There is no 
biogeographical trend in regard to the number of diatoms 
that possess PTOX, (Fisher’s exact test, p = 0.167), and 
all the diatoms isolated in this study contained the gene. 
Second, RHO is a light-dependent proton pump that could 
compensate for a decreased production of ATP in Fe-limited 
cells (Raven 2013). While seven out of nine of the diatoms 
in this study contain RHO transcripts, it has previously been 
shown that this gene has a biogeographical distribution with 
more diatoms containing RHO in the Southern Ocean than 
in non-Southern Ocean regions (Marchetti et al. 2015). 
Finally, AOX is a mitochondrial membrane-bound, di-iron 
carboxylate protein which may participate in the reduction 
of oxygen species in cells at high-light irradiances (Bailleul 
et al. 2015). AOX is present in half of our isolates, although 
more diatoms from non-Southern Ocean regions (85%) were 
found to contain the gene compared to SO diatoms (Fisher’s 
exact test, p = 0.002).

The high-affinity iron uptake system, which includes an 
iron permease (FTR1), a ferric reductase (FER), and a multi-
copper oxidase (MCO), has a scattered presence in the iso-
lates examined in this study. Only F. cylindrus (genome) and 
Navicula sp. have detectable transcripts from all three genes. 
FRE is commonly expressed in diatoms from non-Southern 
Ocean regions (89%), but is expressed in only half of SO 
diatoms (55%) (Fisher’s exact test, p = 0.001). Addition-
ally, most diatoms express an iron permease homolog in 
non-Southern Ocean regions (77%), whereas only 36% of 
diatoms from the Southern Ocean express FTR1 (p = 0.001). 
54% of non-SO diatoms appear to express a multi-copper 
oxidase, whereas only 36% of diatoms express the gene from 
the Southern Ocean (p = 0.08), although this may be a result 
of sequence divergence within MCO homologs (Groussman 
et al. 2015).

Low-iron responsive genes that may be putative iron 
transporters or that concentrate iron at the cell surface 
include ISIP2a, ISIP1, ISIP3, natural resistance-associ-
ated macrophage protein (NRAMP), and cellular repressor 
of E1A-genes (CREG) (Allen et al. 2008; Lommer et al. 
2012; Morrissey et al. 2015). All SO diatoms possessed 
ISIP2a, whereas 88% of diatoms from non-Southern 
Ocean regions had detectable ISIP2a transcripts (Fish-
er’s exact test, p = 0.104). Transcripts for NRAMP and 
CREG were more commonly found in the Southern Ocean 
than in the non-Southern Ocean regions (Fisher’s exact 
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Fig. 3   A matrix depicting the presence of select iron-related genes 
in eight diatom transcriptomes and the genome of F. cylindrus color 
coded by their lineage: radial centric (orange), bi-multipolar centric 
(purple), and raphid pennate (blue). An 18S rDNA phylogenetic tree 
has been placed above the gene matrix for reference. Isolation source 
indicates the environment in which the diatoms were isolated: O open 
ocean, I sea ice edge, C coastal. Black circles indicate genes that are 
present in MMETSP transcriptomes of the same species (where avail-
able)
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test, p = 0.017 and 0.001, respectively). Transcripts for 
ISIP3 were detected in most diatoms regardless of iso-
lation location (Fisher’s exact text, p = 0.018) and 77% 

of SO diatoms expressed ISIP1, whereas only 23% of 
non-SO diatoms expressed this gene (Fisher’s exact test, 
p < 0.001).

Fig. 4   Biogeography analysis of the presence of select iron-related 
genes in marine diatoms. The locations where strains have been 
isolated in which a gene is present (large open circles) or absent 
(small closed circles) within  their transcriptomes or whole-genome 
sequences.  Isolates are grouped according to diatom lineage (see 
Fig. 1 caption for color scheme). Background shading represents cli-

matological annual surface nitrate concentration (μmol  l−1) where 
high surface nitrate concentrations often reflect iron limitation. Nutri-
ent data are from the World Ocean Atlas (Garcia  et al. 2009). Inset 
figure displays a close-up of the WAP region. Pie charts represent the 
presence (dark blue) or putative absence (light blue) of a gene in SO 
diatoms compared to non-SO diatoms
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Iron storage proteins such as ferritins (FTN) are needed 
for both short-term and long-term intracellular iron reserves 
(Marchetti et al. 2009). Only four diatoms in our study 
contained a detectable FTN; Navicula sp, P. subcurvata, 
F.cylindrus, and C. rostratus. FTN transcripts were detected 
in about half of the non-SO diatoms (54%), and thus there is 
not a greater prevalence of FTN among SO diatoms (Fisher’s 
exact test, p = 0.80).

Finally, we queried the Fe metalloproteins involved in 
nitrogen metabolism and antioxidant stress. These included 
the iron-containing proteins nitrate (NR) and nitrite reduc-
tase (NiR) needed for nitrate assimilation, Fe-superoxide 
dismutase (Fe-SOD) which converts superoxide radicals to 
molecular oxygen and hydrogen peroxide (Peers and Price 
2006), and the non-iron-containing enzyme arginosuccinate 
synthase (ASSY). Transcripts of NR, NiR, ASSY, and Fe-
SOD were detected in all of our transcriptomes (as well as 
the F. cylindrus genome) and within diatoms with publically 
available genomes or transcriptomes, suggesting these genes 
are present in all diatoms.

Discussion

Physiological effects of low iron and low light 
on SO diatoms

Four environmental stress responses were observed: no 
interaction between iron and light, also termed an antago-
nistic effect, a response in which either light or iron was the 
main limiting factor or an additive interaction between iron 
and light (Fig. 2). Antagonism is observed when the com-
bined effects of two factors are not larger, or smaller, than 
the sum of the individual effects. In this example, reducing 
both iron and light produces the same reduction in growth 
rate as if either iron or light were limiting. C. cf. sociales, P. 
subcurvata, A. actinochilus, and Navicula sp. growth can be 
classified as having an antagonistic effect between iron and 
light, as −FeLL cultures were not significantly different from 
either −FeSL or +FeLL. This would indicate an additive 
relationship between iron and light does not exist in these 
polar diatoms. In contrast, Sunda and Huntsman (1995) 
found that in temperate diatoms, iron-limited, low-light 
cells had reduced growth rates compared to iron-limited, 
high-light cells due to increased iron demands under low 
light in order to efficiently use PET. Similarly, we observed 
an additive effect in three of the nine examined diatoms—F. 
cylindrus, T. antarctica (no growth), and P. alata. In these 
diatoms, growth rates were reduced most in the combined 
low-iron and low-light treatment compared to either vari-
able alone, suggesting they exhibit a similar physiological 
response to these environmental conditions. T. antarctica 

and F. cylindrus are the largest and the smallest cells, respec-
tively, indicating their comparable growth and photophysi-
ological responses may be underpinned by similar mecha-
nisms despite their appreciable difference in size.

E. antarctica demonstrated primarily light limitation 
with no additive effect on growth rate of low iron in the 
low-light cultures. A previous study induced iron limitation 
in E. antarctica through addition of DFB buffer (Strzepek 
et al. 2011), indicating that our low-iron treatment may not 
have been low enough to limit the growth of E. antarctica. 
In C. rostratus, the patterns in growth are mainly driven 
by irradiance as well. Under growth-saturating light con-
ditions, low-iron availability resulted in a slightly reduced 
growth rate (12%; p < 0.001); however, a decrease in irradi-
ance resulted in a much larger decrease in growth rate (45%; 
p < 0.001), and there was no further reduction in growth rate 
in the −FeLL culture.

In the −FeSL treatment, we observed a negative correla-
tion between Fv:Fm and in σPSII (a reduction in Fv:Fm and an 
increase in σPSII) in more species than in the +FeLL treat-
ment. While growth rate was reduced in both treatments for 
all species (except for F. cylindrus in −FeSL, and P. alata 
in +FeLL) relative to the control, it was only in the +FeLL 
treatment that Fv:Fm and σPSII remain unchanged relative to 
+FeSL. These results suggest that at the light and iron lev-
els used in this study, the photophysiology of diatoms was 
more sensitive to iron than light. This is perhaps due to the 
fact that SO diatoms have to cope with long periods of time 
in almost complete darkness and thus it would be advanta-
geous if they retained functional PET which could facilitate 
a rapid acclimation to more favorable light conditions in 
spring (Peters and Thomas 1996). SO diatoms might have 
unique biophysical or molecular mechanisms to maintain 
an efficient photochemical yield and cross-sectional absorp-
tion area of PSII, despite a reduction in growth, as proposed 
by Strzepek et al. (2012). In temperate phytoplankton com-
munities, light limitation, as well as iron, has been shown 
to influence Fv:Fm and σPSII (Suggett et al. 2009), but SO 
diatoms exhibit smaller effects on light-limited growth and 
photophysiology compared to Fe (Strzepek et al. 2012). The 
diatoms in our study seemed to have no or minimal effects 
on Fv:Fm and σPSII under light limitation compared to −FeSL 
and the −FeLL treatments. In the Southern Ocean, Fv:Fm 
seems to be a good indicator of Fe limitation in some species 
and in natural phytoplankton populations (van Oijen et al. 
2004; Alderkamp et al. 2012); however, among the diatoms 
with decreased growth in the low-Fe treatment used in this 
study, only three species showed a decreased Fv:Fm, while 
five species had increased σPSII, indicating that the negative 
correlation between these two measurements may not serve 
as a good indicator of Fe limitation in all SO diatoms.

The lack of an additive effect for most of the examined 
diatoms supports the findings of Strzepek et al. (2012), in 
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which iron and light limitation in SO diatoms could result in 
a photoacclimatory response that largely increases the size 
but not the number of photosynthetic units (PSUs) under 
low-light conditions, thereby minimizing increases in iron 
demands associated with increasing numbers of PSUs. The 
greater effect of decreased light on growth rate, and the fact 
that most Fe-limited diatoms were not subject to further 
reductions in growth rate at low light, indicate the majority 
of SO diatoms are less likely to experience an additive effect 
of low iron and low light than are diatoms from temperate 
regions. However, in scenarios where light-limited diatoms 
experience a higher degree of Fe limitation, then it may be 
possible they experience an additive co-limitation.

Phytoplankton cell size is known to correlate with 
resource utilization and growth (Eppley et al. 1969); how-
ever, it appears that the ability of SO diatoms to grow at low 
iron and light levels does not scale with biovolume. Diatoms 
in this study displayed an insignificant correlation between 
biovolume and maximum growth rates and relative growth 
rates under low-iron and low-light conditions. A lack of 
correlation between maximum growth rates and biovolume 
was also observed among other SO diatoms (Strzepek et al. 
2011). Iron uptake rates per unit of cell volume of marine 
algal species are inversely related to mean cell diameter 
due to decreases in cell surface-to-volume ratios (SA:V) 
(Sunda and Huntsman 1995; Lis et al. 2015). Thus, small 
cells should dominate HNLC regions; however, iron uptake 
and growth kinetics are not the only factors that influence 
cell size. Having a large biovolume offers possible protec-
tion from zooplankton grazing, provides high-nutrient stor-
age capabilities via large vacuoles (Eppley et al. 1969), 
and allows diatoms to regulate their buoyancy and chemi-
cal composition to stay in the photic zone (Richardson and 
Cullen 1995). Taken together, these characteristics suggests 
large, SO diatoms may have acquired biochemical mecha-
nisms that enable them to maintain relatively high growth 
rates under stressful conditions. The genes we found to be 
biogeographically more prevalent in the Southern Ocean—
FLDA, RHO, PCYN, and ISIP1—are an indication that 
SO diatoms have the molecular potential that allow them 
to grow at high maximum and relative growth rates under 
low-iron conditions despite their large size.

Molecular bases for iron and light limitation 
responses in SO diatoms

Phenotypic variability in growth rates and photophysiology 
as a function of iron and/or light status observed among the 
diatoms examined in this study could likely be explained by 
differences in gene repertoires in relation to iron-requiring 
processes such as iron acquisition and homeostasis, pho-
tosynthesis, and nitrogen assimilation. These genes fall 

into eight functional categories, including photosynthetic 
iron-dependent and iron-independent proteins, internal iron 
storage proteins, high-affinity iron uptake proteins, putative 
transport and plasmalemma iron-concentrating proteins, 
superoxide dismutase and alternative oxidase proteins, nitro-
gen assimilation proteins, and proteins involved in the urea 
cycle (Fig. 3).

Selective pressure in low-iron environments has resulted 
in diatoms evolving strategies to meet their high-iron 
demands. One of the most conspicuous strategies is protein 
substitution within PET. All sequenced diatom genomes 
have CYTC6, but only certain diatoms, particularly those 
isolated from low-iron regions, such as T. oceanica and F. 
cylindrus, appear to have PCYN (Raven 2013). CYTC6 and 
PCYN transcripts were found in all eight of our SO dia-
tom transcriptomes, suggesting that while PCYN is likely 
beneficial for growth in HNLC environments, it does not 
preclude the expression of CYTC6. These two proteins are 
functionally very similar in their molecular mass as well as 
their ability to transfer electrons; thus, their expression in the 
Southern Ocean might largely be based on whether copper 
or iron is more readily available (Raven et al. 1999).

Although we did not focus extensively on gene expres-
sion in this study, we observed higher relative transcripts 
for PCYN than CYTC6 in 5 of the 8 diatom transcriptomes. 
Because our culture conditions were iron replete, this sug-
gests that these diatoms may prefer PCYN under all growth 
conditions. The oceanic centric diatom, T. oceanica, consti-
tutively expresses PCYN even under iron-replete conditions, 
suggesting that PCYN expression is a permanent adapta-
tion to low-iron, open-ocean environments (Peers and Price 
2006). In the case of T. antarctica, transcripts for CYTC6 
were ~ 19-fold higher than those for PCYN, suggesting this 
species possibly relies primarily on CYTC6 for electron 
transport under Fe-replete conditions (Online Resource 1). 
In our physiological study, T. antarctica had the lowest rela-
tive growth rate under low-iron conditions, suggesting this 
species is accustomed to growing under high-iron condi-
tions. In the strain of T. antarctica sequenced as part of the 
MMETSP, transcripts were present for both of these genes. 
CYTC6 is present throughout the MMETSP diatoms, illus-
trating that it is a ubiquitous component of PET although the 
extent to which it is expressed in each diatom is unknown. 
The presence of PCYN does have a strong biogeographi-
cal pattern with 95% of SO diatoms expressing transcripts 
for the gene, whereas only 22% of non-SO diatoms (grown 
under replete conditions) expressed the gene. Thus, SO dia-
toms may rely more on PCYN either under Fe-replete condi-
tions or in response to low-iron availability.

Ferredoxin (PetF) contains two iron–sulfur clusters per 
electron transport molecule, while flavodoxin (FLDA) 
contains a flavin, rather than iron, as a redox center. Some 
iron-limited diatoms have been found to substitute FLDA 
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for PetF to transport electrons from PSI to NADP reduc-
tase in the enzymatic production of NADPH (Erdner et al. 
1999). While FLDA was present in all transcriptomes (and 
the F. cylindrus genome), PetF transcripts were only identi-
fied in C. cf. sociales, Navicula sp., A. actinochilus, P. sub-
curvata, and F. cylindrus. Although not a measure of gene 
expression, the transcription of PetF was particularly high 
for Navicula sp., with ~ 20 times higher RPKM values of 
PetF than FLDA, suggesting that ferredoxin is preferentially 
utilized over flavodoxin under high-iron conditions in this 
species. By contrast, the other diatoms had low transcript 
abundance of PetF (< 100 transcripts) in the Fe-replete cul-
tures. The possible lack of detection of PetF in E. antarctica 
could be due to the small size of the transcriptome. Rela-
tive transcript abundances of FLDA were particularly high 
in P. alata and C. rostratus (> 19,000 transcripts), perhaps 
reflecting constitutive expression of FLDA instead of PetF, 
or complete lack of dependence on PetF altogether. The high 
abundance of FLDA transcripts under Fe-replete conditions 
indicates this might be a permanent adaptation. These spe-
cies may rely heavily on substitution strategies, and their 
high relative growth rates under low-Fe conditions (> 87% 
of µmax) could be attributed, in part, to their dependence on 
FLDA as well as other non-iron-containing protein substi-
tutes. Other polar diatoms, such as Fragilariopsis curta and 
a Pseudo-nitzschia sp., appear to only express FLDA and 
do not transcribe PetF (Pankowski and Mcminn 2008). Bio-
geographically, PetF and FLDA distributions tend to depend 
on their location of isolation, with more diatoms containing 
FLDA and fewer diatoms containing PetF in the SO dia-
toms, suggesting a reduced dependence on iron-containing 
proteins like PetF.

Diatoms may also use a plastid terminal oxidase (PTOX) 
to create a proton gradient for ATP synthesis via a short, 
alternate pathway from photosystem II (PSII) to PTOX, in 
the reduction of photosynthetically produced molecular O2 
back to water. Under low-iron conditions, employing the 
PTOX electron shunt is advantageous, as it only requires 
two iron atoms to produce ATP (but not NADPH), whereas 
the cytochrome b6f and photosystem I (PSI) complexes use 
17 iron atoms (Behrenfeld and Milligan 2013). Upregulation 
of PTOX may also serve to protect PSII reaction centers 
by acting as a safety valve for excess PET electrons (Naw-
rocki et al. 2014). In our biogeographical analysis, most dia-
toms contained PTOX, regardless of their isolation location 
(p = 0.167). Furthermore, all diatoms in this study expressed 
PTOX, indicating this cyclic pathway may have an important 
role in protection or acclimation to low-iron or variable light 
conditions (Yoshida et al. 2007).

Rhodopsins (RHO) can be used as an iron/light man-
agement strategy as it provides a low-iron alternative 
to photosynthesis for the production of ATP (Marchetti 
et al. 2015). While not as energetically efficient as cyclic 

electron flow within PSUs, RHO could compensate for a 
decrease in energy production in Fe-limited cells (Fuhr-
man et al. 2008). By querying the MMETSP database, 
Marchetti et al. (2015) demonstrated that diatoms from the 
Southern Ocean more often contained RHO when com-
pared to those from non-Southern Ocean regions, suggest-
ing the gene may have a particularly useful role in low-iron 
regions such as the Southern Ocean. Of our sequenced 
diatoms, seven out of nine isolates possessed the gene. T. 
antarctica and C. cf. sociales lacked detectable transcripts 
of RHO, perhaps contributing to the low relative growth 
rates of both species under low-iron conditions. We cannot 
conclude the absence of RHO in T. antarctica, although 
we did not detect the gene in the MMETSP transcriptome 
of another T. antarctica strain. The lack of a detectable 
RHO in C. cf. sociales may be due to sequencing depth. 
In contrast, P. alata had high relative transcript abundance 
for RHO and minimal reduction in growth rate under our 
low-iron conditions, suggesting that P. alata might lower 
its iron requirements by partial energy production through 
proteorhodopsin.

Physiological and molecular studies of T. oceanica have 
shown that one or more high-affinity iron uptake systems 
may be induced which exist under low-iron conditions 
(Lommer et al. 2012). In one such system, a ferric reductase 
(FRE) first reduces Fe(III) complexes to unchelated Fe(II), 
which is then re-oxidized by a multi-copper oxidase (MCO) 
that is paired with an iron permease (FTR1) which transports 
Fe(III) into the cell (Marchetti and Maldonado 2016). Seven 
out of nine species lacked transcripts for at least one com-
ponent of the high-affinity iron uptake system or lacked the 
system altogether. F. cylindrus (genome) and Navicula sp. 
possessed the transcripts for all the genes. While F. cylindrus 
and P. alata seemed functionally similar, both displaying an 
additive interaction response between iron and light, their 
acquisition strategies appear to be fundamentally different, 
as P. alata appears to only express FRE. Transcripts for the 
entire high-affinity iron uptake system appear to be more 
common in diatoms from lower latitudes suggesting that SO 
diatoms may have alternative iron acquisition mechanisms.

An iron-starvation-induced iron-binding protein (ISIP2a) 
is widely expressed among eukaryotic phytoplankton and 
can concentrate Fe(III) at the cell surface without the use of 
MCO (Morrissey et al. 2015). There was no biogeographical 
pattern associated with the distribution of ISIP2a and was 
present in most diatoms; thus it seems to be a highly con-
served and important protein (Fisher’s exact test, p = 0.104). 
Similar to ISIP2a, transcripts for ISIP3 were detected in 
most diatoms regardless of isolation location (p = 0.018). 
Interestingly, 77% of SO diatoms expressed ISIP1, whereas 
only 23% of non-SO diatoms expressed this gene (Fig. 4). 
In T. oceanica, ISIP1 was found to have multiple paralo-
gous versions and a protein structure that is predicted to be 
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a low-iron inducible ferric receptor (Lommer et al. 2012). 
While the function of ISIP1 in cellular iron uptake remains 
speculative, it is only found in diatoms and haptophytes and 
is one of the most highly expressed genes under iron limita-
tion (Morrissey et al. 2015).

Another proposed low-Fe responsive gene is NRAMP, 
a protein predicted to be involved in vacuolar Fe storage 
that is upregulated under low-Fe conditions in some diatoms 
(Kustka et al. 2007; Morrissey and Bowler 2012). The gene 
was detected in all of our transcriptomes (except for C. cf. 
sociales, likely due to the low sequencing coverage of this 
isolate), and was more common in the Southern Ocean than 
at lower latitudes, suggesting that NRAMP could be use-
ful in low-iron waters of the Southern Ocean. Transcripts 
for CREG were detected in all transcriptomes except for 
Navicula sp. and C. cf. sociales. CREG was more commonly 
found in the Southern Ocean than in non-Southern Ocean 
regions, again, suggesting it may play a role in helping dia-
toms cope with low-iron availability. The ISIPs, NRAMP, 
and CREG may be common in the Southern Ocean where 
iron is limiting, as they would increase the number of surface 
receptors and transporters, overall increasing the affinity for 
iron at the cell surface (Lommer et al. 2012).

At high intracellular concentrations, iron can be toxic, 
and as the rate of supply and metabolic demand can be quite 
variable, ferritins (FTN) can be used for both short-term and 
long-term intracellular iron storage. Iron storage may vary 
in response to iron supply, cellular metabolism, and growth 
demand linked to the diel light–dark cycle (Marchetti et al. 
2009; Botebol et al. 2015). Almost all raphid pennate dia-
toms for which whole-genome sequences or transcriptomes 
are available contain at least one ferritin gene, whereas FTN 
in centric diatoms appear to be more randomly distributed 
(Groussman et al. 2015). Only four diatoms in our study 
contained a detectable FTN; the raphid pennate diatoms 
Navicula sp., P. subcurvata, and F. cylindrus (genome), as 
well as the bi-multipolar centric diatom C. rostratus. Fer-
ritin has been identified in all four clades of diatoms, with 
paralogs present in many species, possibly being introduced 
by lateral gene transfer (Marchetti et al. 2009; Groussman 
et al. 2015). Similar to SO diatoms, FTN transcripts were 
detected in about half of the non-SO diatoms (54%) and 
thus there does not appear to be a greater prevalence of FTN 
among SO diatoms.

Diatoms utilize a number of antioxidant enzymes to mini-
mize reactive oxygen species produced as byproducts of pho-
tosynthesis and other metabolic processes. Many algae have 
both Fe-SOD and Mn-SOD, but may preferentially express 
Mn-SOD under iron-limiting conditions to reduce iron 
demands (Maldonado et al. 2006: Groussman et al. 2015). 
In our analysis, all of our isolates expressed transcripts of 
Fe-SOD, and in fact all diatoms within the MMETSP pos-
sessed this gene, verifying that it is an important component 

to minimizing reactive oxygen species. Another oxidative 
stress enzyme, mitochondrial alternative oxidases (AOX), 
reduces ROS in mitochondria (Baxter et al. 2007). Excess, 
electrons from photosynthesis can also be transported via 
the malate shunt to the mitochondria, where AOX will uti-
lize them to reduce molecular O2 to H2O, producing ATP 
in the process (Yoshida et al. 2007). The presence of AOX 
transcripts appears to be more common in non-SO diatoms, 
where 85% contain a gene homolog compared to only 50% 
of SO diatoms (Fig. 4). In P. tricornutum, AOX inhibition 
was associated with decreased photosynthetic activity under 
high-light conditions (Bailleul et al. 2015). Thus, AOX may 
be more prominent in non-Southern Ocean regions where 
higher average light intensities are common, and could 
be advantageous for optimizing photosynthesis in these 
environments.

Conclusion

Our transcriptomes suggest a variety of gene repertoires in 
polar diatoms that may contribute to the generally lower 
iron and light requirements of SO diatoms (Strzepek et al. 
2011, 2012). P. subcurvata, F. cylindrus, and C. cf. sociales 
were grouped based on having relatively higher µmax and 
smaller size. Despite the lower quality transcriptome in C. 
cf. sociales, these species appear to have similar gene rep-
ertoires. Given the larger sizes of T. antarctica, P. alata, A. 
actinochilus, and E. antarctica, it is surprising these diatoms 
appear to lack ferritin and a complete high-affinity uptake 
system as gathered from our transcriptomes and those from 
the MMETSP. T. antarctica and A. actinochilus have some 
components of this uptake system; however, they exhibited 
the largest reductions in growth rates under low-iron/light 
conditions, and thus might not be as competitive in these 
environments when compared to some of the other examined 
diatoms.

Although additional diatom transcriptomes would pro-
vide for a more complete understanding of whether there are 
biogeographical patterns associated with these genes, some 
initial insights have been gained from our analysis. One 
outcome of our combined physiological and transcriptomic 
study is that genes can be targeted for molecular indicators 
of iron and light limitation within SO diatom assemblages. 
Previous research has used the expression ratio of proteins 
and genes sensitive to iron levels as molecular indicators 
of iron nutritional status; these include flavodoxin-to-
ferredoxin ratios (La Roche et al. 1996); FLDA and ISIP3 
in T. oceanica (Chappell et al. 2014); and ISIP2a to FTN 
rations in P. granii (Marchetti et al. 2017). Although our 
study does not provide an analysis of gene expression, our 
data suggest that differential gene expression approaches 
may be useful in identifying molecular indicators of iron 
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and light physiological status of diatoms from the South-
ern Ocean. From our study, ferredoxin, flavodoxin, ferritin, 
rhodopsin, plastocyanin, alternative mitochondrial oxidase, 
cytochrome c6, and the ISIP genes appear to be present in 
most (but not all) diatom clades and are thus good candidates 
for reflecting their iron status and long-term adaptation to 
low-iron conditions. Ultimately, by studying gene repertoires 
in combination with assessing physiological attributes, we 
can begin to uncover additional cellular mechanisms that 
influence diatom distribution and abundance.
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