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ABSTRACT 

 

THE ROLE OF NITROGEN IN PRASINOPHYTE POPULATION 

DYNAMICS, PHYSIOLOGY AND TRANSCRIPTIONAL RESPONSES  

 

 

Valeria F. Jiménez 

 

     Marine phytoplankton constitute the base of ocean food webs and are responsible 

for nearly half of the total annual carbon dioxide uptake on the planet acting as 

important players in biogeochemical cycles. Nitrogen is an essential nutrient that can 

limit phytoplankton growth. Eukaryotic phytoplankton within the prasinophytes are 

widespread in the ocean, found from polar to tropical regions under a wide range of 

environmental conditions, where nitrogen can be an essential nutrient limiting their 

growth. However, little is known about prasinophyte population dynamics, 

distributions, growth and abundance, as well as prasinophyte physiological strategies 

to cope with fluctuation in nitrogen availability in the ocean. Chapter 2 focuses 

primarily on phytoplankton population dynamics in offshore mesotrophic sites in the 

dynamic transition zone of the central California Current System. Based on 

hierarchical clustering of abiotic factors, two modalities were identified within the 

mesotrophic sites; each modality with distinct phytoplankton communities 

(determined by flow cytometry and high resolution 16S V1-V2 region rRNA gene 

amplicon sequencing) that appear to underlie the differences in phytoplankton growth 

and biomass production observed (determined by dilution experiments and 
14

C 

method). The highest biomass production (38.7 ± 8.1 µg C L
-1

 D
-1

 by 
14

C, 86% from 
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photosynthetic eukaryotes) was found in a mesotrophic high modality (MHM) where 

nitrate was approximately 4-fold higher than in the MLM (mesotrophic low 

modality). The pico-prasinophyte Ostreococcus clade OI dominated the MHM, 

whereas in the MLM higher relative contributions of another prasinophyte 

(uncultured prasinophyte class VIII) and Pelagomonas (stramenopile) were found. 

Furthermore, the effects of nitrogen (N) depletion on growth, cellular parameters 

(Chapter 3) and whole-genome transcriptional responses (Chapter 4) of the pico-

prasinophyte Micromonas, were investigated in laboratory experiments. This study 

showed common responses of three Micromonas species that come from three 

divergent and ecologically important clades. The main commonalities observed were 

that nitrogen depletion induced a pronounced decrease in growth rate compared to 

controls within 1 or 2 days and N-deplete treatments take longer to show signs of 

growth recovery than stationary phase control cells. One major difference was that M. 

pusilla under N-depletion exhibited a pronounced increase in mean FALS cell-1 

(proxy of cell size). At a transcriptional level (RNA-seq), also several commonalities 

were observed for both two of the Micromonas species studied under N-depletion, 

such as a major decrease in the relative transcript abundance of genes related to the 

photosynthetic machinery, carbon transport and metabolism and fatty acid 

biosynthesis, and an increase in the relative transcript abundance of genes related to 

flagella and microtubule formation as well as an increase of a number of transcription 

factors (TFs). In addition, despite the slower growth recovery of N-deplete treatments 

after transferring to replete medium, a rapid transcriptional response was observed. 
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The Micromonas species exhibited differences in the transcriptional patterns of genes 

related to nitrogen transport and assimilation. Under N-depletion, the majority of 

these genes increased in Micromonas commoda while results were more variable for 

homologous genes in Micromonas pusilla. Distinct transcriptional patterns were 

observed for ammonium transporter (AMT) homologous in each Micromonas 

species. In M. pusilla, one ammonium transporter (AMT1.3) appears to only increase 

under nitrogen depletion and may be a good marker of nutrient status in the field. 
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CHAPTER 1 

 

Introduction 
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     Marine phytoplankton constitute the base of ocean food webs and are responsible 

for nearly half of the total annual carbon dioxide uptake on the planet (Field et al., 

1998) acting as important players in biogeochemical cycles (Doney et al., 2012; 

Agusti et al., 2015; Worden et al., 2015). Phytoplankton are photosynthetic 

unicellular microorganisms distributed in the photic zone of the ocean (upper ~200 

m) and their growth and biomass accumulation are controlled by chemical, physical 

and biological factors, such as light, temperature, nutrient availability, and grazing.  

     Phytoplankton are especially diverse and, in oceanography, are often classified 

based on cell size, as differences in surface area to volume ratio per cell constitute an 

important characteristic that influences buoyancy and competitiveness with respect to 

nutrient acquisition (Finkel et al., 2010). Picophytoplankton are the smallest 

phytoplankton size fraction (≤ 2 or 3 µm in cell diameter depending on the research 

group). In marine systems there are three major picophytoplankton groups. The 

cyanobacteria, Prochlorococcus (Chisholm et al., 1992) and Synechococcus 

(Waterbury et al., 1979), and a third “group” composed of photosynthetic 

picoeukaryotes (protists) from the haptophyte, prasinophyte and stramenopile 

lineages (Worden, 2006; Vaulot et al., 2008; Shi et al., 2011; Massana et al., 2015; 

Simmons et al., 2015).  

     Collectively, photosynthetic picoeukaryotes can contribute considerably to 

biomass and primary production in the picophytoplankton size class (Worden and 

Not, 2008; Massana, 2011), even though they are less abundant than the 

picocyanobacteria. For example, in the North Atlantic, the eukaryotic 

2



 

 

ultraphytoplankton fraction (< 10 µm cell diameter) comprised the highest carbon 

uptake per cell when compared to Prochlorococcus and Synechococcus (Li, 1994b). 

In the Southern California Bight (Eastern North Pacific Ocean) photosynthetic 

picoeukaryotes showed the lowest cell abundance, but the highest carbon standing 

stock and accounted for 76% of net carbon production in the picophytoplankton size 

fraction (Worden, 2004). Moreover, in the Arabian Sea, between 18 and 33% of the 

total phytoplankton depth integrated biomass consisted of photosynthetic 

picoeukaryotes (Shalapyonok et al., 2001), and in a recent survey, largely focused on 

the North Atlantic, South Pacific and North Indian basins, between 49 and 69% of 

picophytoplankton biomass was attributed to picoeukaryotes (Buitenhuis et al., 2012). 

Furthermore, major contemporary changes in the Arctic, such as sea ice melt, was 

correlated to a significant increase in picoeukaryote abundance (Li et al., 2009a).  

     Marine green algae belonging to prasinophyte class II (Mamiellophyceae) (Marin 

and Melkonian, 2010) have been observed in euphotic zone waters from low to high 

latitudes (see e.g., (Slapeta et al., 2006; Lovejoy et al., 2007; Worden and Not, 2008; 

Massana, 2011; Kirkham et al., 2013; de Vargas et al., 2015; Simmons et al., 2015; 

Monier et al., 2016; Simmons et al., 2016)). The prasinophyte class II genera that 

have been observed most frequently are the photosynthetic picoeukaryotes 

Bathycoccus, Micromonas and Ostreococcus (see e.g., (Not et al., 2004; Demir-

Hilton et al., 2011; Treusch et al., 2012; Vaulot et al., 2012; Kirkham et al., 2013; 

Simmons et al., 2015; Simmons et al., 2016)). Many studies have reported on these 

picoeukaryotes, and for example, one recent studied using unified methods to address 
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eukaryotic plankton diversity in a circumglobal sample set, reported that class II 

prasinophytes were present in all 45 samples investigated (de Vargas et al., 2015). 

Most clades within these genera have culture representatives and significant genomic 

resources are available. Whole genome sequencing has been performed on 

Ostreococcus tauri (Derelle et al., 2006), Ostreococcus lucimarinus (Palenik et al., 

2007), Ostreococcus isolate RCC809 (available at http://jgi.doe.gov/; partially 

analyzed in (van Baren et al., 2016), Micromonas pusilla (isolate CCMP1545), 

Micromonas commoda (isolate RCC299) (Worden et al., 2009; van Baren et al., 

2016),  and Bathycoccus prasinos (Moreau et al., 2012). Additionally, partial genome 

sequences have been generated from natural Bathycoccus populations using targeted 

metagenomes from sorted cells in the Atlantic Ocean (Monier et al., 2012) and in the 

south Pacific Ocean (Vaulot et al., 2012). Prasinophytes as a whole are a sister group 

of the well-studied chlorophyte green algae (e.g., Chlamydomonas reinhardtii), and 

together these algal groups sister the land plants (Streptophyta) (Lewis and McCourt, 

2004; Worden et al., 2009). 

     The focus of this dissertation is primarily on marine photosynthetic picoeukaryotes 

within prasinophyte class II, using Micromonas in laboratory experiments. Yet, in the 

first data chapter (chapter 2), I investigated phytoplankton community composition 

(including cyanobacteria), growth rates and biomass production in oligotrophic and 

mesotrophic sites along the California Current System in the eastern North Pacific 

Ocean. Experimentation with natural populations is essential for helping develop 

relevant hypotheses that can be tested in the laboratory if appropriate cultures are 
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available. Such field work is also important for understanding how loss processes 

(e.g. grazing) and fluctuations of abiotic factors (e.g. nutrients) affect phytoplankton 

population dynamics, such as group specific growth rate, biomass production and 

changes in community composition. The California Current is a well characterized 

system (Collins et al., 2003; Ryan et al., 2005; Checkley and Barth, 2009) and is one 

of the four major eastern boundary current systems. Eastern boundary current systems 

are both complex and ecologically important, as ~5% of global primary production is 

performed in the four major eastern boundary current systems which also produce 

20% of harvested fish (Rykaczewski and Checkley, 2008; Messié and Chavez, 2015). 

The eastern boundary currents are primarily influenced by coastal upwelling of deep 

nutrient rich waters (Messié and Chavez, 2015). Prasinophytes have previously been 

shown to be important in this system (Worden, 2004; Countway and Caron, 2006; 

Worden, 2006; Demir-Hilton et al., 2011; Ottesen et al., 2013; Simmons et al., 2016) 

and other eastern boundary current systems (Shi et al., 2009; Collado-Fabbri et al., 

2011; Shi et al., 2011; Rii et al., 2016). 

     The objectives of chapter 2 were to: 

     1) Investigate the phytoplankton community composition in oligotrophic and 

mesotrophic sites in the eastern North Pacific Ocean. 

     2) Identify key phytoplankton species associated with distinct estimates of growth 

and mortality rates, and biomass production. 
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     3) Estimate specific growth and mortality rates, and biomass production of three 

major picoeukaryotes species/ecotypes (two prasinophytes; Ostreococcus clade OI 

and Bathycoccus sp., and one stramenopile; Pelagomonas calceolata) 

     Chapter 3 and 4 focused primarily on Micromonas responses to nitrogen depletion. 

Nitrogen is an essential nutrient that can limit phytoplankton growth in the ocean 

(Falkowski, 1997; Zehr and Ward, 2002; Zehr and Kudela, 2011; Moore et al., 2013), 

hence phytoplankton have developed multiple strategies for acquiring nitrogen and 

bearing with its fluctuations and scarcity. However, prasinophyte responses to 

variations in nitrogen availability are not well understood and the Micromonas genus 

contains considerable diversity, with 7 genetically distinct clades, most of which are 

thought to represent species level differences (Slapeta et al., 2006; Simmons et al., 

2015). 

     The objectives of chapter 3 were to: 

     1) Study the effects of nitrogen depletion on the growth and cellular parameters of 

three Micromonas isolates representing three divergent clades. 

     2) Investigate recovery from stress in refeeding experiments. 

     The objectives of chapter 4 were to: 

     1) Determine genome-wide transcriptional responses to nitrogen depletion of M. 

pusilla and M. commoda. 

     2) Determine genome-wide transcriptional responses to recovery from stress in 

refeeding experiments with M. pusilla and M. commoda. 
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     Note that to avoid repetitiveness, in this chapter I did not review in detail the 

literature of class II prasinophytes. Each individual chapter discusses in more detail 

the relevant current literature.  

     Collectively, these studies provide new insights into the distributions and 

physiology of class II prasinophytes. Finally, in the last chapter, I discuss some future 

directions for research that could help to advance the field further. 
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CHAPTER 2 

 

Distinctive phytoplankton communities underlie hotspots of  

primary production in the mesotrophic ocean. 
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ABSTRACT 

 

     Eastern boundary systems are dynamic environments that support about 20% of 

the global marine fish catch, and are enriched by upwelling of cool, nutrient rich 

water. Although these systems are globally important, dynamics of resident 

phytoplankton are not well understood. Here, we identify two Eastern North Pacific 

mesotrophic modalities that are distinct from an oligotrophic regime (OR) and the 

near coastal environments that are directly influenced by upwelling. In the 

mesotrophic low modality (MLM), biomass of eukaryotic phytoplankton (10.1 ± 2.8 

µg C L
-1

) and Synechococcus (4.6 ± 2.8 µg C L
-1

) was akin to contributions reported 

at higher latitudes (45-60
o
N), but with additional significant MLM contributions from 

the cyanobacteria Prochlorococcus (2.6 ± 1.0 µg C L
-1

), especially HLI (High Light 

I) and LLI (Low Light I)  ecotypes. In the mesotrophic high modality (MHM) where 

nitrate was approximately 4-fold higher than the MLM, eukaryotic phytoplankton 

biomass was 1-fold higher (20.4 ± 4.0 µg C L
-1

) than that of either cyanobacterium 

(p<0.01). The OR was typical of temperate to tropical open ocean settings, with 

Prochlorococcus dominance (6.0 ± 0.9 out of 7.0 ± 1.0 µg C L
-1

 total biomass). We 

established that total primary production was highest in the MHM (38.7 ± 8.1 µg C L
-

1 
D

-1 
by 

14
C) and eukaryotic phytoplankton contributed the bulk of MHM (86%) and 

MLM (72%) primary production. However, the MLM, MHM and OR phytoplankton 

communities were all significantly different based on 16S V1-V2 amplicon profiling 

and 18S rRNA qPCR confirmation. Mixotrophic stramenopiles had the highest 
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relative contributions in the OR, while the stramenopile Pelagomonas calceolata 

dominated the MLM. An uncultured 16S rRNA clade of putative prasinophytes (VIII) 

was also notable in the MLM. Using single cell sorting we identified the 18S rRNA 

gene from the cell containing this plastid for the first time. In contrast, Class II 

prasinophytes dominated the MHM where the highest growth rates were observed for 

eukaryotic phytoplankton and cyanobacteria alike, reaching 1.0 ± 0.1 d
-1

 for the 

picoprasinophyte Ostreococcus Clade OI ecotype. Thus, prior observations of highly 

variable primary productivity appear to be driven by distinct phytoplankton 

communities in offshore mesotrophic waters. Our study gives unprecedented insights 

into coherence of phytoplankton communities associated with different environmental 

modalities that will enable development of trait based global primary production 

models. 
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INTRODUCTION 

 

     Marine phytoplankton are responsible for approximately 50% of global primary 

production (Field et al., 1998). Phytoplankton can be sensitive to climate-induced 

ecosystem changes (Doney et al., 2012) and communities in some high latitude 

regions have already been affected (Li et al., 2009a). At lower latitudes, predicted 

increases in water temperature and stratification are expected to result in a general 

expansion of low nutrient regions and colonization by oligotrophs like the 

cyanobacterium Prochlorococcus (Flombaum et al., 2013) with likely ramifications 

for overall primary production and marine food chains. Such predictions require 

understanding of present day communities. While knowledge of open ocean 

communities and nearshore coastal phytoplankton is relatively robust, comprehension 

of other important marine ecosystems, such as eastern boundary current systems, lags 

behind.  

     Eastern boundary ecosystems comprise only 1% of the global ocean by surface 

area, but they contribute 5% of marine primary production and support on the order 

of 20% of global fish catch (Rykaczewski and Checkley, 2008; Messié and Chavez, 

2015). In the California Current System studied here, and other eastern boundary 

currents, a transition zone is encountered offshore that separates the open ocean and 

near coastal environments. These transition zones are important components of 

eastern boundary current systems, but are particularly complex because they are 

influenced by meandering in currents, eddies and strength of upwelling (Centurioni et 
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al., 2008; Checkley and Barth, 2009). Transition zones are generally mesotrophic, 

having higher nutrients than oligotrophic ocean gyres, but nutrient concentrations are 

still much lower than in coastal upwelling zones where primary producer 

communities are dominated by diatoms and dinoflagellates (Kudela and Dugdale, 

2000; Armbrust, 2009; Krause et al., 2015). Enhanced contributions to 

biogeochemical processes have been reported for transition zones (Ribalet et al., 

2010; Kahru et al., 2012; Taylor et al., 2012; Palevsky et al., 2013). Whereas much is 

known about phytoplankton community composition in coastal and gyre ecosystems 

(Partensky et al., 1999; Johnson et al., 2006), those in mesotrophic transitional zones 

are not well understood, because of their complex physical attributes and limited 

knowledge of resident phytoplankton communities.  

     In addition to ecological importance, transition zones provide natural experiments 

on the influence of dynamic abiotic factors on resident microbial communities 

including cyanobacterial and eukaryotic phytoplankton. Prior measurements of 

primary production and phytoplankton growth rates exhibit high variability in the 

California transition zone (Worden, 2004; Kudela et al., 2006; Landry et al., 2009; Li 

et al., 2010; Taniguchi et al., 2014) and consequently have been difficult to connect 

to particular forcing factors or environmental parameters. We performed cruises in 

the eastern North Pacific Ocean that crossed the California system in order to identify 

the key algae involved in this primary production. Our studies revealed two offshore 

mesotrophic modalities based on abiotic environmental parameters. The contributions 

and composition of Prochlorococcus, Synechococcus and photosynthetic eukaryotes 
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are significantly different between the two mesotrophic modalities as well as in an 

oligotrophic regime. Estimates of biomass production using growth rate 

measurements from the three broad phytoplankton groups revealed major differences 

in dominant contributors that correspond to the environments studied. Moreover, the 

resident phytoplankton communities were distinct not only between oligotrophic and 

mesotrophic waters, but also between the two mesotrophic modalities. Experiments 

and phylogenetic profiling highlighted massive productivity by prasinophyte algae in 

the offshore environment. Our study provides in situ rates and defined communities 

that will enable trait based modeling of physically dynamic systems, an essential next 

step for predictive biogeochemical and ecological models.  

 

MATERIALS AND METHODS 

 

     Sample collection 

     Annual cruises were performed aboard the R/V Western Flyer in the Northeastern 

Pacific Ocean during autumn from 2007 to 2013 (Table S2.1). Vertical profiles of 

temperature, salinity and fluorometry were recorded by standard CTD detectors, and 

water was sampled using GO-FLO or PVC Niskin bottles. FCM samples were 

preserved in 0.25% EM grade glutaraldehyde, fixed at room temperature in the dark 

for 20 min and flash-frozen in liquid nitrogen. For DNA samples, sea water was 

filtered onto a 0.2 µm size pore Supor filter (Pall Scientific, Port Washington NY, 
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USA). Concentrations of nutrients (NO3
-
, NO2 and PO4

-
) were collected and analyzed 

as presented in (Pennington and Chavez, 2000). 

 

     Experimental design and sampling 

     Modified dilution experiments (Landry and Hassett, 1982; Worden and Binder, 

2003) were performed on each cruise in on-deck incubators with temperature adjusted 

to that at the depth of water collection (5-15 m) using a heat exchanger and water 

recirculator. Likewise, PAR (measured with a QSL-2101 radiometer, Biospherical 

Instruments Inc.) was adjusted to simulate that of the collection depth using neutral 

density filters. 

     All other bottles, tubing and filters were acid-cleaned with trace metal clean HCL. 

The collected water was passed through a 80 µm acid-cleaned nitex mesh. Sea water 

used as diluent (FSW, filtered sea water) was collected 8 to 12 hours prior to 

experiment initiation and gravity filtered through a sterile 0.2 µm capsule filter 

(Polycap 150 TC, Whatman). Sea water for addition as whole sea water (WSW) was 

collected just before dawn. WSW and FSW were distributed in 4 L polycarbonate 

bottles as: 100% WSW (undiluted), and 80% FSW plus 20% WSW (0.2 WSW). 

Bottles were sampled and placed randomly in incubators by dawn. All treatments 

were conducted with triplicates except in 70-2011 and 60-2012 where four biological 

replicates were used. 

     All experiments involved incubation for 24 hrs and sampling at that point (T24). 

In experiments 155-2009, 70-2011, 60-2012 and 70-2013 additional bottles were 
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incubated for 48 hrs (T48), and also 72 hrs (T72) for 60-2012 and 70-2011. At each 

time point bottles were sampled before dawn and FCM and DNA samples were 

collected as above. Note that bottles were sacrificed at each time point. 

      

     Flow Cytometry and estimation of growth rates and mortality rates. 

     FCM samples were analyzed on an Influx flow cytometer (BD, San Jose, CA) as 

described previously (Cuvelier et al., 2010). Fluoresbrite YG 0.75 µm diameter beads 

(Polysciences Inc., Warrington, PA, USA) were used as standards. Listmodes were 

analyzed using WinList 7.0 (Verity Software House, Topsham, ME, USA). 

     Prochlorococcus, Synechococcus and photosynthetic eukaryotes, were 

distinguished based on Forward angle light scatter (FALS), chlorophyll-derived red 

autofluorescence and phycoerythrin-derived orange fluorescence. 

     For Prochlorococcus, Synechococcus and photosynthetic eukaryotes, net growth 

rate (µnet, day
-1

) in each bottle were calculated as:  

µ = LN (Cf/Ci)/t 

     Where:  

     Ci = initial cells ml
-1

, Cf = final cells ml
-1 

at time t, and t=time passed (in days).  

     The theoretical true growth rate (µ, day
-1

) in the absence of grazers and mortality 

rates (m, day
-1

) were calculated respectively as the y-intercept and the slope of a 

simple linear regression of dilution factor (X-axis) versus µ (Y-axis). The respective 

standard error and significance were determined using the lm function (F-test and t-

test) in the R environment v.3 (http://www.r-project.org) and pair-wise comparisons 
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between linear regressions were performed by analysis of covariance (ANCOVA). 

Growth rate and mortality rates were also calculated using a more conservative 

approach, independent of the linear regression (2-point analysis derived from 

(Worden and Binder, 2003), where µmin corresponds to the minimum net µ (values 

from the 0.2 WSW bottles) and mortality rate (mmin) is the difference between µmin of 

0.2 WSW bottles minus the mean net µ of WSW bottles. Pair-wise comparisons 

between µmin were performed by t-test. 

     Biomass was estimated by the product of cell abundance and cellular carbon 

content using a single conversion factor per group. Prochlorococcus, Synechococcus 

and photosynthetic eukaryotes carbon conversion factors used were 39 fg C cell
-1

, 82 

fg C cell
-1

 and 530 fg C cell
-1

, respectively (Worden, 2004).  

     Prochlorococcus, Synechococcus and photosynthetic eukaryotes biomass 

production (BP, µg C L
-1

 d
-1

) and biomass consumed (G, µg C L
-1

 d
-1

) were 

calculated using the following equations from (Landry et al., 2000): 

BPµ = µ * Bt 

BPm = m * Bt 

     Where Bt (µg C L
-1

) is the biomass at time t (days) calculated with the following 

equation: 

Bt = B0 * [(e
(µ-m)*t 

– 1)/(µ-m)*t)] 

     Where: 

     µ = growth rate d
-1

, m = mortality rate d
-1

, B0 = initial biomass µg C L
-1

, and 

t=time passed (in days). 
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     To calculate maximum biomass production (BPmax = µ * Bt), Bt was calculated 

without grazing mortality using the following equations from (Cuvelier et al., 2010): 

BPmax = B0 * [(e
µ*t 

– 1)/t] 

     The percentage of biomass consumed by grazers (%c) was estimated as the ratio of 

m:µ * 100, which is the same as the ratio of BPm: BPµ *100 (Calbet and Landry, 

2004). 

 

     DNA extraction, PCR amplification and sequencing. 

      DNA was extracted from the subset of samples in Table S2. DNA extractions 

were performed using a protocol modified from the QIAGEN DNeasy plant protocol 

as described previously (Moisander et al., 2008; Demir-Hilton et al., 2011) and 

quantified with the QuBit dsDNA high-sensitivity assay (Life Technologies, Grand 

Island, NY, USA). Barcoded amplification and sequencing of the V1-V2 region of 

the 16S rRNA gene was performed as described previously (Sudek et al., 2014). In 

brief, DNA eluent was diluted with TE pH 8 to a final concentration of 5 ng µl
-1

. Fifty 

µl polymerase chain reactions included 5 ng of DNA template in 5 µl of 10x buffer, 

0.2 µl of HiFi-Taq (1 U), 1.6 µl of 50 mM MgSO4 (Life Technologies) and 200 nM 

of reverse primer 454_338RPL 

GCCTTGCCAGCCCGCTCAGTgcwgccwcccgtaggwgt (Eurofins MWG Operon, 

Huntsville AL, USA) and 200 nM of forward 454_27FB_xxxxxxxx 5-

GCCTCCCTCGCGCCATCAG_xxxxxxxx_agrgttygatymtggctcag-3 (xxxxxxxx 

correspond to a sample specific eight nucleotide sequence tag). Each primer 
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contained 454-FLX linker sites (454 protocol - Roche, South San Francisco, CA, 

USA). Reactions were cycled 2 min at 94°C, 15 sec at 94°C (30 times), 30 sec at 

55°C, 1 min at 68°C and 7 min 68°C (for elongation). After purification (MinElute 

kit, QIAGEN, Valencia CA USA), and verifying presence of product and removal of 

primer-dimer by running 5 µl of PCR product on a 1.2% Agarose gel (PCR product; 

approximately 300 nt in length), samples were sequenced at the University of Arizona 

Genetics Core (Tucson Arizona USA) using 454-Titanium chemistry.  

     Quality control of barcoded V1-V2 16S rRNA amplicons was performed as 

described previously (Hamady et al., 2008).  

 

     Phylogenetic placement of 16S rRNA gene amplicons.  

     Barcoded V1-V2 16S rRNA amplicons were classified phylogetically with 

PhyloAssigner (Vergin et al., 2013) as previously described (Sudek et al., 2014; 

Choi, in preparation). Briefly, amplicons were first run against the reference tree to 

(Vergin et al., 2013) classify bacterial amplicons and separate cyanobacterial and 

plastid-derived (photosynthetic eukaryotes) sequences which were then mapped 

against a cyanobacterial/plastid alignment and tree (Choi, in preparation). 

Subsequently, amplicons assigned to cyanobacteria were mapped against a 

cyonabacteria reference alignment and tree (Sudek et al., 2014). 

     To better characterize the photosynthetic eukaryotes within Viridiplantae 

(abundant in the mesotrophic study sites) we also constructed an independent 
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alignment and tree for Viridiplantae (Phylogenetic reference tree reconstruction 

methods explained below).  

 

     Viridiplantae phylogenetic reference alignment and tree reconstruction.  

     For 16S rRNA phylogeny reconstructions we collected sequences (>1,200 bp) 

from GenBank representing all prasinophytes classes, sensu (Marin and Melkonian, 

2010) and added prasinophyte and chlorophyte 16S rRNA gene sequences generated 

from the Marine Microbial Eukaryote Transcriptome Sequencing Project (Keeling et 

al., 2014). In addition, we constructed environmental 16S gene libraries to represent 

the environmental prasinophyte class VIII (Environmental 16S (SSU) rDNA gene 

library construction methods explained below) by selecting representative clones 

describing the whole diversity of the class as previously described (Lepere et al., 

2009). 

     The plastids from Chlorarachniophytes, Euglenozoa and some dinoflagellates are 

originated from secondary endosymbiosis events where green algae have been 

engulfed by heterotrophic ancestors (Keeling, 2010). As the plastid evolutionary 

histories from these eukaryotic lineages and the green lineage are closely related, 

representative sequences from these clades were also incorporated in our reference 

dataset. Nine streptophyte sequences were used as outgroup.  

     Sequences were aligned using MAFFT (Katoh and Standley, 2013). The 

Viridiplantae alignment contained 149 sequences. Regions of unambiguous alignment 

were identified using MUST (Philippe, 1993) and all gap-containing positions were 
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removed, consisting of a final alignment of 1080 characters.  A best fit model of 

nucleotide evolution for the alignment was determined using the likelihood ratio test 

implemented with jModeltest (Posada, 2008), and resulted to GTR+Γ+I. The 

Maximum Likelihood  phylogenetic analysis was calculated using PhyML (Guindon 

et al., 2010). Bootstrap values were calculated using 1,000 replicates. Prasinophyte 

and Mamiellophyceae clades were labeled following (Marin and Melkonian, 2010) 

and (Simmons et al., 2015), respectively. Not that the near-full length 16S is not able 

to discriminate the Micromonas clade A, B and C. 

     We confirmed our tree labeling accuracy for the shorter region of the 16S used for 

barcoding (V1-V2) by building a ML tree using the same Viridiplantae reference 

alignment but trimmed to the size of our amplicons. Without masking any positions, 

the tree was then inferred using the same method as described above. Even regarding 

the lower number of positions kept in this analysis; the region is informative enough 

to discriminate clades as labeled in the near-full length 16S phylogenetic analysis. 

 

     Microbial community analyses and correlation with environmental 

parameters. 

     Within each reference alignment and tree the total number of amplicons assigned 

to each bootstrap supported nodal taxonomic unit (NTU) (Vergin et al., 2013) and its 

relative abundance (percentage) were determined for each sample. For statistical 

analyses each NTU relative abundance matrix was log transformed (log2 (value+1)).  
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     Community distance matrices between samples were constructed using two 

approaches; and Bray-Curtis and Euclidean. Clusters were computed for each 

distance matrix by average linkage hierarchical clustering. An approximated unbiased 

(AU) p-value; computed by multi-scale bootstrap re-sampling, and a bootstrap 

probability (BP) p-value (bootstrap replications = 1000) (Suzuki and Shimodaira, 

2006) was calculated for each cluster (based on Euclidean distances) using the pvclust 

package in R.  In addition, the significance of each cluster based on Bray-Curtis 

distances was calculated by similarity profile analysis (Clarke et al., 2008) using the 

clustsig package in R.  

 

     Real-time quantitative-PCR. 

     QPCR primer-probe sets specific for Ostreococcus clade OI , Bathycoccus sp. 

(Demir-Hilton et al., 2011) and Pelagomonas calceolata (Choi, in preparation) were 

used to quantify 18S rRNA genes from these taxa and generate taxon-specific growth 

and mortality rates from biological duplicates in experiments from 2011, 2012 and 

2013 after 48 hours of incubation.  

     Standard curves were generated as described previously (Demir-Hilton et al., 

2011), briefly plasmids were quantified using the NanoDrop system (Thermo 

Scientific, Waltham, MA, USA) and with the QuBit dsDNA high-sensitivity assay 

(Life Technologies, Grand Island, NY, USA), diluted to 0.5 x 10
9
 gene copies ml

-1
, 

and dilution series of 10
0
 – 10

8
 copies per ml were then generated.  

21



 

 

     Reactions were performed in 25 µl, using an 7500 Real-Time PCR system 

(Applied Biosystems) following the methodology previously described (Demir-Hilton 

et al., 2011). The 18 rRNA gene (copies ml
-1

) was determined by the linear regression 

of Ct values versus the log transformed copy numbers of the standard curve for 

triplicate reactions per sample. Inhibition tests were performed for all samples and 

primer-probe sets by spiking in 2 µl of the respective plasmid at 10
5
 copies per ml. 

 

     Additional statistical tests 

     Comparisons between the oligotrophic regime (OR) and the two mesotrophic 

modalities (MLM and MHM) described in results, were performed by t-test or Mann-

Whitney test if normality test (Shapiro-Wilk test) or equal variance test (Brown-

Forsythe) failed.  Tests were performed in SigmaPlot (Systat Software, San Jose, 

CA). 

 

RESULTS 

 

     Distinct Offshore Modalities in the Mesotrophic Ocean. Two offshore 

mesotrophic modalities were delineated in five cruises that transected from coastal 

California to up to 700 km offshore (Figure 2.1A, Table S2.1). Hierarchical clustering 

of surface water environmental parameters discriminated the mesotrophic-low 

modality (MLM) from the mesotrophic-high modality (MHM) where nitrate, 

phosphate, and salinity were significantly higher (p<0.001 or p<0.05) and 
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temperature lower (p<0.001; Figure 2.1B, Table S2.2). Both are distinct from colder, 

higher nutrient coastal waters (Figure 2.1B) that have been investigated extensively in 

prior studies (Ryan et al., 2005; SE and BB, 2011; Capone and Hutchins, 2013), and 

neither has the salinity characteristics expected of aged or recently upwelled water. 

Further, the mesotrophic modalities do not connect to a geographical location, but 

rather are intermingled with a tendency for the MLM to be further offshore. These 

broad scale patterns were mirrored by differences (p<0.05) in total phytoplankton 

biomass in the MLM (17.3 ± 4.8 µg C L
-1

), MHM (28.3 ± 5.1 µg C L
-1

), as well as 

the oligotrophic ocean regime (OR, 7.0 ± 1.0 µg C L
-1

) (Figure 2.2B, Table 2.1). 

     Distinct patterns were observed in relative contributions of the three major 

phytoplankton groups, photosynthetic eukaryotes and the cyanobacteria 

Prochlorococcus and Synechococcus (Table 2.1). In the OR, Prochlorococcus 

comprised 86 ± 3% and photosynthetic eukaryotes 11 ± 2% of phytoplankton 

biomass. Although numerically abundant in the MLM and MHM, Synechococcus 

biomass was equivalent in both mesotrophic modalities and lower (p<0.001) in the 

OR, such that it did not dominate in any setting investigated. In contrast, the biomass 

of photosynthetic eukaryotes in the MHM was significantly (p<0.001) higher than the 

OR and MLM (Table 2.1). Moreover, in the MLM and MHM photosynthetic 

eukaryotes contributed 62 ± 5% and 75 ± 5% of the total phytoplankton biomass, 

respectively. 
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Table 2.1: Phytoplankton abundance, biomass and production in the oligotrophic regime and two mesotrophic modalities 

delineated using surface samples collected between 2007 and 2013. 

 

 

Oligotrophic Regime  Mesotrophic Low Modality Mesotrophic High Modality 

n Pro Syn Euks 

 

n Pro Syn Euks 

 

n Pro Syn Euks 

            

Abundance, cell ml
-1

 1

1 

154,804 

(21,772) 

2,356 

(433) 

1,584 

(578) 

 9 68,685 

(21,579) 

56,171 

(34,327) 

16,955 

(5,170) 

 11 23,402 

(15,508) 

85,095 

(38,369) 

38,566 

(7,486) 

Biomass, µg C L
-1

 1

1 

6.04 

(0.85) 

0.19 

(0.04) 

0.84 

(0.31) 

 9 2.56 

(1.03) 

4.61 

(2.81) 

10.13 

(2.76) 

 11 0.91 

(0.60) 

6.98 

(3.15) 

20.44 

(3.97) 

Growth rate, µ d
-1

 2 0.23 

(0.03) 

0.24 

(0.08) 

0.57 

(0.06) 

 2 0.29 

(0.06) 

0.19 

(0.05) 

0.29 

(0.03) 

 2 0.51 

(0.18) 

0.45 

(0.02) 

0.72 

(0.16) 

Divisions d
-1

 2 0.25 

(0.04) 

0.27 

(0.10) 

0.77 

(0.10) 

 2 0.33 

(0.07) 

0.21 

(0.06) 

0.34 

(0.04) 

 2 0.67 

(0.29) 

0.57 

(0.04) 

1.08 

(0.34) 

Mortality rate, m d
-1

 2 0.17 

(0.01) 

0.05 

(0.03) 

0.50 

(0.01) 

 2 0.43 

(0.49) 

0.14 

(0.13) 

0.15 

(0.05) 

 2 0.40 

(0.00) 

0.19 

(0.01) 

0.48 

(0.19) 

BPµ, µg C L
-1

 d
-1

 2 1.3 

(0.3) 

0.1 

(0.0) 

0.4 

(0.0) 

 2 0.6 

(0.2) 

0.9 

(0.0) 

3.8 

(1.1) 

 2 0.5 

(0.6) 

2.9 

(0.7) 

17.8 

(4.9) 

BPm, µg C L
-1

 d
-1

 2 1.0 

(0.0) 

0.0 

(0.0) 

0.4 

(0.1) 

 2 0.6 

(0.5) 

0.7 

(0.8) 

1.9 

(0.1) 

 2 0.3 

(0.3) 

1.2 

(0.4) 

11.9 

(5.3) 

BPmax, µg C L
-1

 d
-1

 2 1.5 

(0.3) 

0.1 

(0.0) 

0.6 

(0.1) 

 2 0.7 

(0.1) 

0.9 

(0.1) 

4.1 

(1.1) 

 2 0.6 

(0.7) 

3.2 

(0.7) 

23.5 

(8.8) 

Percent consumed 2 75 

(14) 

26 

(22) 

88 

(10) 

 2 137 

(144) 

80 

(85) 

51 

(12) 

 2 84 

(30) 

42 

(5) 

65 

(11) 
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Figure 2.1. Distinct modalities in the eastern North Pacific identified through 

environmental characteristics. (A) Sites of sample collection during transect cruises 

conducted between 2007 and 2013. Stations sampled (open circles) extend 785 km 

offshore to the oligotrophic ocean regime (Stations 135, 145 and 155). The offshore 

msotrophic sites in the California Current System transition zone (Stations 60 to 70 

and nearby drifter sites) are between 99 to 172 km from shore. (B) Hierarchical 

clustering of chemical and physical parameters measured in samples collected 

between 0 to 15 m in 35 profile casts (Table S1) reveal an oligotrophic regime (OR) 

and two mesotrophic modalities, the mesotrophic low mode (MLM) and mesotrophic 

high mode (MHM). Average environmental characteristics were statistically different 

among the oligotrophic regime and mesotrophic modalities (Table S2). 
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     Sequence Data Corresponds to Biomass Trends and Shows Transition in 

Eukaryotic Phytoplankton Across Modalities. We asked whether differences in 

major eukaryotic phytoplankton groups could be identified in the OR, MLM and 

MHM. To this end we sequenced the V1-V2 region of the 16S rRNA gene in 12 

samples. Hierarchical clustering of abiotic parameters in this subset (Figure 2.2A) 

mirrored that of the broader dataset (Figure 2.1B), as did the relative biomass 

contributions of Prochlorococcus, Synechococcus and photosynthetic eukaryotes 

(Figure 2.2B, Table S2.1). Similar to shifts in relative contributions of 

Prochlorococcus and Synechococcus in flow cytometry data (e.g., Figure 2.2B), 

relative abundance of eukaryotic phytoplankton groups (which cannot be 

discriminated by flow cytometry) in plastid-derived 16S amplicons exhibited a 

transition from stramenopiles domination in the OR and MLM, to prasinophytes in 

the MHM (Figure 2.2C). For prymnesiophytes, highest relative abundance occurred 

in the OR (16.8 ± 6.0%) and decreased in the MLM and MHM (Figure 2.2C). 

Prasinophyte amplicons were also abundant (25 ± 12%) in MLM 16S plastid data, 

despite the large contribution by stramenopiles (58 ± 12%). In the MHM, where 

phytoplankton biomass was highest, prasinophytes formed 61± 11% of the total 

plastid amplicons (Figure 2.2C).  
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Figure 2.2. Characteristics of the samples used for 16S V1-V2 rRNA gene 

community profiling and phytoplankton growth experiments. (A) Hierarchical 

clustering of chemical and physical parameters for this 12 sample subset generally 

mirrored the clusters in the broader analysis (Figure 2.1B) but contributed to 

identification of 70 2009 GF* (Table S2.1 and S2.3) as transitioning between the two 

mesotrophic modalities. (B) Biomass contributions of the three major phytoplankton 

groups in samples used for community profiling. (C) Relative contributions of major 

eukaryotic lineages to the total plastid amplicons. Two supergroups dominated the 

amplicon data, stramenopiles formed 71 ± 6% in the OR, and 57 ± 13% in the MLM, 

while prasinophytes dominated the MHM where they contributed 64 ± 10% of the 

total plastid sequences in these surface samples (Table S2.5). Note that the 

classification performed was for all Viridiplantae taxa but for simplicity we have used 

the term prasinophytes because chlorophyte algae were minor contributors (Figure 

2.3A, Table S2.6 and S2.7). 

 

     A coherent relationship was not observed between the percent contributions of 

Prochlorococcus, Synechococcus and photosynthetic eukaryotes to total 

phytoplankton abundance and 16S amplicon contributions (r
2
=0.50, Figure S2.1B). 

However, a near 1:1 relationship was found between percent Prochlorococcus and 

Synechococcus to total cyanobacterial abundance when flow cytometry data was 

compared to cyanobacterial amplicon data (r
2
=0.96, Figure S2.1A), as recently 

reported elsewhere (Sudek et al., 2014). Moreover, the percent biomass contributions 
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of the three major phytoplankton groups were correlated with relative amplicon 

contributions (r
2
 = 0.93, Figure S2.1C). This suggests that 16S amplicon 

contributions of photosynthetic taxa can serve as a proxy for relative biomass of these 

three major phytoplankton groups based on the primers used and populations 

encountered in the offshore waters studied here.  

 

     Phytoplankton Growth and Primary Production is Significantly Different in 

Mesotrophic Modalities with Dominant Contributions by Eukaryotes. We 

investigated whether trends in phytoplankton biomass and composition across the 

regions corresponded to variations in primary productivity. Primary production was 

measured using 
14

C incubations (Steemann Nielsen, 1952) on the same cruises and 

three additional expeditions, all performed between 2000 and 2013. These samples 

were grouped using the same hierarchical clustering methodologies, resulting in 11, 

14 and 17 experiments from the OR, MLM and MHM, respectively. Primary 

production was higher in the MHM than at either other site (p<0.01), amounting to 

38.7 µg C L
-1

 d
-1

 (±8.1, 95% conf. interval; Figure 2.3A). Because primary 

production has been more extensively characterized in coastal regions we also 

evaluated coastal samples from the same time period, analyzed using the same 

methodology for context.  These showed primary production levels of 190.8 µg C L
-1

 

d
-1

 (±35.9, 95% conf. interval, n=64), akin to other coastal studies (Chavez and 

Messié, 2009; Chavez et al., 2011). 
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     Results from dilution experiments supported the trends observed in 
14

C-primary 

productivity measurements and allowed us to estimate growth rates, grazing losses 

and production contributions from each of the major phytoplankton groups. 

Photosynthetic eukaryotes (0.72 ± 0.16 d
-1

)
 
and Synechococcus (0.45 ± 0.02 d

-1
) 

exhibited their highest growth rates in the MHM (Figure 2.3B, Table 2.1, Tables 

S2.9). Surprisingly so also did Prochlorococcus (0.51 ± 0.18 d
-1

), despite its low 

abundance. Grazing mortality on these groups varied the most in the MLM, and was 

less variable for cyanobacteria than eukaryotes in the MHM (Table 2.1). In the two 

OR experiments, growth and grazing mortality of Prochlorococcus and 

photosynthetic eukaryotes was consistent, and greater variability was observed for 

grazing mortality in the MLM and MHM. Grazing mortality was always lowest for 

Synechococcus compared to the other two phytoplankton groups in each setting 

studied (Table 2.1 and S2.9).  

     Across the three water types, the production rates estimated for each major 

phytoplankton group using dilution-based growth rates were lower than by 
14

C-

primary productivity, but the trends matched (Figure 2.3A and C). As expected based 

on organism distributions and biomass, the highest Prochlorococcus production was 

in the OR (BPmax, 1.5 ± 0.3 µg C L
-1

 d
-1

; Figure 2.3C, Table 2.1, Tables S2.9). 

Eukaryotes were responsible for the majority of primary production in the 

mesotrophic modalities. High eukaryotic growth rates combined with standing stock 

resulted in the high biomass production by photosynthetic eukaryotes in the MHM 

(Figure 2.3C, Table 2.1, Tables S2.). Applying the production percentages from the 

29



 

 

dilution-based estimates to the overall 
14

C-based values gives MHM eukaryotic 

primary productivity of 33.3 µg C L
-1

 d
-1

 (±6.9, 95% confidence interval).  

 

 

Figure 2.3. Primary production and phytoplankton growth rates are significantly 

higher in the eukaryote dominated MHM. (A) Primary production based on 
14

C-

bicarbonate uptake method (Steemann Nielsen, 1952). Error bars represent the 95% 

confidence interval from 11, 14 and 18 of measurements from duplicated incubations. 

(B) Growth rates of Prochlorococcus, Synechococcus and photosynthetic eukaryotes 

based on analysis of dilution experiments using flow cytometry, with two 

experiments in each mesotrophic modality and in the oligotrophic regime and 

triplicated or quadruplicated incubations performed for different dilution levels in 

each experiment. Error bars represent the standard error of the regression. (C) Mean 

biomass production by Prochlorococcus, Synechococcus and photosynthetic 

eukaryotes for each modality. Error bars represent the standard error of the 

experiments from each modality.  
 

      

     A Distinct Phytoplankton Community Underlies MHM Activity Hotspots.  

     The preliminary analysis of amplicon data showed transitions in the relative 

contributions of major eukaryotic groups in the different modalities (Figure 2.2C). 

However, while these results established general patterns, they obscured greater 

complexity in the community profiles that connect to differing ecological strategies 
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and activities of phytoplankton in the OR as well as the mesotrophic modalities. For 

example, diatoms contributed consistently across the OR, MLM and MHM, forming 

4.1 ± 3.0% of all plastid amplicons. But more abundant stramenopile groups showed 

an inversion between classes found in the OR and MLM (Figure 2.4A). 

Dictyochophytes, a group that harbors mixotrophic algae that can phagocytose other 

microbes (Frias-Lopez et al., 2009), comprised 74 ± 8% of stramenopile amplicons in 

the OR and 18 ± 5% in the MLM. Inversely, pelagophytes contributed 13 ± 2% and 

71 ± 9% of stramenopile amplicons in the OR and MLM, respectively. The MLM and 

MHM also contained distinct communities (Figure 2.4A). Relative amplicon 

abundance of ecotypes within the cyanobacteria and different photosynthetic 

eukaryotes varied significantly based on hierarchical clustering patterns, 

corresponding to the two different mesotrophic modalities and the OR (Figure S2.3, 

Table S2.3). We observed two new features of mesotrophic picocyanobacterial 

communities. In the MLM, Prochlorococcus low-light clade I (LLI) contributed 21 ± 

1% of cyanobacterial amplicons in these surface samples, making the relative 

contribution of high-light clade I (HLI) lower than in the OR (98 ± 0%, HLI; 1 ± 0%, 

HLII; 1 ± 0%, Synechococcus clades II, III and IV). HLI again contributed the most 

(95 ± 1% of Prochlorococcus amplicons) in the MHM (Figure 2.4B), where 

Prochlorococcus as a whole only contributed 25 ± 16% of cyanobacterial amplicons. 

Likewise, in the MLM Synechococcus clade EPC2 (Sudek et al., 2014) formed 33 ± 

9% of the total Synechococcus amplicons, reducing the relative contributions of 

Synechococcus I (8 ± 1%) and IV (39 ± 5%). The latter form the majority of 
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Synechococcus amplicons (75 ± 4%, IV; 13 ± 3%, I) in the MHM and have been 

considered the predominant mesotrophic clades (Sohm et al., 2015). These 

differences contributed to the identification of three distinct cyanobacterial 

community profiles via hierarchical clustering (Figure S2.2) that align with the OR, 

MLM and MHM delineation based on abiotic factors (Figure 2.2A).  

     High resolution community profiling showed that diversity within the dominant 

eukaryotic groups in the MLM and MHM depended on the particular group analyzed. 

A single pelagophyte, Pelagomonas calceolata, dominated among stramenopiles in 

the MLM and MHM (Figure 2.4A, Table S2.6, S2.7). In contrast, not only did the 

relative importance of prasinophytes change dramatically between the MLM and 

MHM, but so also did the abundant species (Figure 2.4A), connecting strongly to 

changes in abiotic factors. We also found amplicons from an uncultured group, 

environmental clade VIII (Viprey et al., 2008), for which it has been uncertain 

whether it represents the plastid of a dinoflagellate or prasinophyte (Figure 2.5A). 

This group is still enigmatic and its corresponding 18S rRNA gene sequence 

unknown. Single cell sorting used here allowed us to identify it as the plastid of 

prasinophyte group VII (18S). This taxon (16S Class VIII) dominated prasinophyte 

amplicons in the MLM (70 ± 13%). 
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Figure 2.4.  Phytoplankton composition shows reproducibility for dominant taxa within the modalities based on 16S 

community profiles. Only taxa present as ≥3% of (A) total plastid amplicons and (B) total cyanobacterial amplicons. Averages 

represent data from two different years in each mesotrophic modality and three years in the oligotrophic regime
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     Among Class II prasinophytes, Bathycoccus was present in both mesotrophic 

modalities and the OR and formed a larger percent of prasinophyte amplicons than 

most other taxa. However, a pattern of association with either modality was not 

detected, a result that may be influenced by varying contributions of two 

Bathycoccus ecotypes that co-occur in this region but could not be distinguished 

using our methods. More strikingly, as relative contributions of class VIII 

prasinophytes decreased, the class II picoprasinophyte Ostreococcus Clade OI 

increased, with an overall MHM contribution of 78 ± 17% of prasinophyte 

amplicons (Figure 2.5A, Table S2.7).  

     We verified inferences from the amplicon analysis using 18S rRNA gene 

qPCR analyses for three key eukaryotic taxa observed here, the Ostreococcus 

Clade OI ecotype, P. calceolata and Bathycoccus. These analyses supported the 

relationships observed in 16S amplicon data (Table S2.8). Specifically, the ratio of 

Ostreococcus Clade OI to Bathycoccus 18S rRNA gene copies ml
-1

 by qPCR 

correlated with their ratio in 16S amplicons (r
2
=0.88; Figure 2.5B). Additionally, 

patterns of Ostreococcus Clade OI 18S rDNA abundance (Figure 2.5C) mirrored 

the relative abundance observed in 16S amplicons (Figure 2.5A). For both data 

types, Ostreococcus Clade OI contributions are higher in the MHM than the MLM 

(p<0.05; Figure 2.2C). Collectively, our results highlighted an important role for 

class II prasinophytes in MHM-like waters. 
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Figure 2.5. Prasinophyte community profiles. (A) Percent contributions of each 

prasinophyte taxon to total prasinophyte amplicons. (B) Comparison of the ratio 

of Bathycoccus to Ostreococcus OI % contributions in prasinophyte V1-V2 16S 

rRNA gene amplicon data to the ratio of 18S rRNA gene qPCR counts of the 

same taxa. (C) Abundance of Bathycoccus and Ostreococcus OI based on 18S 

qPCR supported observations based on prasinophyte amplicon contributions and 

showed highest qPCR abundances in the MHM. 
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     Species specific growth rates. Growth rates of Ostreococcus Clade OI, P. 

calceolata and Bathycoccus were determined using qPCR on the 2011-2013 

dilution experiments, providing the first species-specific growth rate data for 

natural marine eukaryotic picophytoplankton populations. Growth rates of the 

Ostreococcus Clade OI ecotype ranged from 0.54 ± 0.12 to 1.00 ± 0.06 d
-1

 and P. 

calceolata from 0.45 ± 0.10 to 0.90 ± 0.11 d
-1

 (Table S2.10). Growth rates were 

lower for Bathycoccus in each respective experiment (0.29 ± 0.11 to 0.61 ± 0.07 d
-

1
). Surprisingly, the Ostreococcus Clade OI rates were comparable to those for O. 

lucimarinus (the cultured representative of Clade OI) in nutrient replete medium, 

for which growth rates were 0.77 ± 0.01 d
-1

, 0.89 ± 0.04 d
-1

, and 1.14 ± 0.03 d
-1

 

with ammonium, nitrate and urea amendments, respectively (Worden, 2004). 

Ostreococcus Clade OI, Bathycoccus and P. calceolata grew faster (close to or 

higher than 1 division per day) in the MHM than the one MLM experiment for 

which we had qPCR samples (Table S2.10), similar to growth rate trends observed 

for the whole eukaryotic phytoplankton community using flow cytometry (Figure 

2.3B). 

     We also tested the role of nitrate availability in phytoplankton growth and 

community composition in the MHM, at a period with 2.2 µM ambient NO3
-
 

concentrations (Table S2.11). Treatments involved 80% dilution of the 2011 

Station 70 community with i. oligotrophic water (<0.01 µM NO3
-
) from which all 

cells had been removed (filtered seawater, FSW); ii. oligotrophic FSW amended 

with 5 µM NO3
-
; and iii. a control involving dilution with Station 70 FSW. 

Eukaryotic phytoplankton growth rates were lower (0.66 ± 0.01 d
-1

) in the 

oligotrophic treatment, whereas when oligotrophic water amended with NO3
-
 was 
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used as diluent, growth rates were significantly higher (0.88 ± 0.01 d
-1

, p<0.0001) 

and comparable to controls (0.84 ± 0.02 d
-1

) which had 2.2 µM NO3
-
 (naturally 

present). These results suggest that nitrate plays an important role in sustaining the 

high growth rates in the MHM, but nitrate does not appear to act alone in 

determining the phytoplankton community structure. Growth rates for 

Ostreococcus Clade OI, B. prasinos and P. calceolata all increased with NO3
-
 

amendment of oligotrophic diluents (Table S2.11). The Ostreococcus Clade OI 

(1.34 ± 0.07 d
-1

) and P. calceolata (1.35 ± 0.10 d
-1

) growth rates were up to 1.5-

fold higher than respective control growth rates and were the highest observed in 

any of our experiments.  

 

     Commonalities with a Higher Latitude Mesotrophic System. To evaluate 

the broader applicability of our findings, we also investigated a higher latitude 

offshore transition zone, the Line P transect where North Pacific gyre waters, 

subarctic waters and coastal waters converge. This region has previously been 

identified as a hotspot of activity, where cells exhibit high photosynthetic 

efficiency and small phytoplankton cells are abundant (Ribalet et al., 2010). 

Further, the transition zone accounted for approximately 46% of total atmospheric 

CO2 uptake along the Line P stations studied, although only representing 20% of 

the total area (Ribalet et al., 2010). Here, we found that plastids contributed 51% 

of total 16S amplicons from phytoplankton in the Line P transition zone, and 

Synechococcus made up 49% (Figure S2.6). Among eukaryotes, diatoms (15%), 

other stramenopiles (10%) and cryptophytes (11%) contributed similar 

proportions of total plastid amplicons, prymnesiophytes (4%) were less abundant 
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and prasinophytes dominated (56%). Ostreococcus Clade OI and Bathycoccus 

contributed 21% and 6% to total plastid amplicons, respectively and 29% from 

their relative Micromonas, with the bulk being Micromonas ABC lineage and 

Clade E2. Hence, the key prasinophyte taxa shift in this system, but overall the 

class II picoprasinophytes appear to have an important role in this transition zone 

as well (Figure S2.6). 

 

DISCUSSION AND CONCLUSIONS 

 

     Marine phytoplankton have disparate evolutionary histories that shape their 

cell structure, genome composition, and ecology (Falkowski et al., 2004). 

Conventional oceanographic methodologies have been powerful in identifying 

areas of high primary productivity, such as the eastern boundary current system 

investigated here. These approaches rarely connect to the activities of specific 

phytoplankton taxa in the field. Because the underlying physiology of 

phytoplankton groups is different, prediction of primary production trajectories 

under system changes that extend beyond current day seasonal variations and 

correlation analyses based on historical data is still very limited. In this study, we 

identified distinct phytoplankton communities at unprecedented resolution in 

offshore surface waters of the Eastern North Pacific. The contributions and 

activities of these communities are linked to abiotic environmental parameters that 

clearly delineate different modalities in the mesotrophic environment investigated.  

     While generalized differences have been described for cyanobacterial 

communities in oligotrophic and mesotrophic ocean regions (Tai and Palenik, 
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2009; Paerl et al., 2011; Sudek et al., 2014), less is known about offshore 

eukaryotic phytoplankton distributions because most cannot be resolved using 

conventional methods. Taking the groups with the strongest quantitative literature 

first, the Prochlorococcus and Synechococcus ecotypes and clades encountered 

here fit to prior results with additional subtleties. Prochlorococcus HLI (eMED4) 

dominated in the offshore oligotrophic regime, as would be expected based on 

qPCR data across latitudinal and temperature gradients in the Atlantic Ocean 

(Johnson et al., 2006). The relative contribution of Prochlorococcus to 

phytoplankton abundance and biomass in the OR studied here are higher than in 

global analyses of Prochlorococcus contributions (Johnson et al., 2006; 

Flombaum et al., 2013). This is likely because of the strong OR influence of 

subtropical North Pacific gyre, where Prochlorococcus abundance is typically 

high (Karl and Church, 2014) relative to many other study sites in this latitudinal 

range. Additionally, in the MLM an increase in Prochlorococcus LLI (eNATL2A) 

was observed. This ecotype is known to be more abundant in surface waters and 

periods of deep mixing than other LL adapted strains (Biller et al., 2015), and our 

observations further clarify its niche based on the temperature and nutrient 

patterns of MLM surface waters.  

     The Synechococcus clades detected here also agree with general patterns 

identified using clade-specific qPCR, where Synechococcus clades II, III and X 

dominated in oligotrophic open ocean and clade I and IV in colder, mesotrophic 

sites (Sohm et al., 2015). Importantly, we demonstrate that another Clade, 

Synechococcus EPC (Sudek et al., 2014), not covered in recent global surveys, is 

important in the MLM. Synechococcus EPC2 plays an important role in defining 
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the MLM and reducing relative contributions of the better known Synechococcus 

clade I and IV. The latter two were significantly higher in the MHM. Although 

Synechococcus was more important than Prochlorococcus in terms of biomass in 

the MLM and MHM, its production appeared to be higher only in the MHM due 

to its low relative growth rates in the MLM (Table 2.1). As a whole, 

Synechococcus did not dominate phytoplankton biomass or production 

contributions in the oligotrophic regime or in either of the mesotrophic modalities 

discovered here. Rather Prochlorococcus HL1 dominated in the OR and different 

eukaryotic phytoplankton dominated in the MLM and MHM.  

     For eukaryotes, several of the taxa present in our study are known to be more 

prevalent in either the oligotrophic ocean (for those in our OR samples, such as 

prymnesiophytes) or in mesotrophic regions of the world ocean (for those in the 

MLM and MHM). One exception was the large contribution of dictyochophytes in 

the OR. Although many of these sequences were from uncultured 

dictyochophtyes, several of those that have been cultured are mixotrophic. This 

would likely provide a competitive advantage over other eukaryotes in the OR 

where nutrients are low, and Prochlorococus would have a competitive advantage 

for uptake of inorganic nutrients. With mixotrophy, the eukayotic phytoplankton 

can generate energy from sunlight, but acquire nutrients from ingested prey, 

thereby avoiding direct competition with Prochlorococus. Dictyochophytes have 

recently been shown to be highly diverse (de Vargas et al., 2015), and have been 

observed to graze on Prochlorococcus (Frias-Lopez et al., 2009; Biller et al., 

2015) but are not known to be prevalent in the open ocean. While initially we 

considered that perhaps the universal 16S primers used here were simply more 
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effective for this lineage than plastid targeted primers, it is possible that sampling 

procedures also played a role. The vast majority of phytoplankton sequencing 

studies have used size fractionation, by prefiltering seawater to collect cells <1 to 

5 mm in diameter (depending on the pore size used). We did not prefilter, so that 

cells even just slightly larger than these cutoffs were included in our analyses – 

possibly the many uncultured dictyochophyte sequences recovered here are from 

non-picoplanktonic cells.      

     Nearly all of the major eukaryotic algae identified in the MLM and MHM have 

previously been associated with mesotrophic environments. This is true based on 

quantitative studies of Ostreococcus Clade OI (Countway and Caron, 2006; 

Demir-Hilton et al., 2011) and qualitative studies that observed high proportions 

of PCR-based clones or transcripts for Ostreococcus lucimarinus (the Clade OI 

species) (Ottesen et al., 2013), prasinophyte class VIII (Shi et al., 2011) and 

Pelagomonas (Shi et al., 2011; Dupont et al., 2015). However, here we see that 

these taxa partition between the MLM and MHM such that Pelagomonas and 

prasinophyte 16S class VIII relative abundance was higher in the MLM, while the 

MHM was dominated by the class II picoprasinophytes, and in particular 

Ostreococcus Clade OI (Figure 2.4A, Figure 2.5).  

     Class II prasinophytes, also known as Mamiellophyceae, were recently found 

present in all 47 samples analyzed in the TARA expedition which crossed several 

oceans (de Vargas et al., 2015).  Our data suggests that rather than contributing 

with persistent low level contributions, the class II prasinophytes have punctuated 

periods with markedly high primary production contributions. 
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     These findings are supported by other reports of prasinophyte class II 

sequences, comprised primarily Micromonas and Ostreococcus (Shi et al., 2009), 

in the highly productive upwelling region off coastal Chile in the South Pacific. 

As observed here, analysis of the same cruise reported abundant prasinophyte 

class VIII sequences in plastid 16S rRNA gene clone libraries (Shi et al., 2011) 

approaching the gyre, where nutrients were considered lower (values not 

provided). A third study showed that picoeukaryotes contributed the majority of 

primary production in a similar region of the South Pacific, again in the region of 

the Chilean transition zone (Rii et al., 2016). 74-95% of 18S rRNA sequences in 

clone libraries from sorted cells belonged to the Ostreococcus at sites with the 

highest productivity and nitrate, whereas uncultured18S Clade VII prasinophytes 

were relatively more abundant at lower nitrate concentrations. As seen in the 

MHM and more nutrient rich sites in the South Pacific studies, Class II 

picoprasinophytes also dominated in the Line P transition zone sample analyzed 

here. 

     Our studies highlight high rates of primary production in the MHM, despite 

nitrate concentrations of 2.2 ± 0.4 µM (Figure 2.1B, Figure 2.3). Notably, our 

MLM photosynthetic eukaryote biomass was comparable to that reported for the 

latitudinal band between 45 to 60ºN, which contained only two samples with 

comparable temperatures to those in the mesotrophic modalities (Cuvelier et al., 

2010). The carbon conversion factors used here were generated for taxa that are 

present in this system and are among the most conservative for marine eukaryotic 

phytoplankton (Worden, 2004). Although cyanobacterial conversion factors are 

fairly similar in the literature, they range widely for eukaryotes (Campbell et al., 
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1994; Zubkov et al., 2000; Worden, 2004). Hence, the high values we recovered 

for the MHM are not likely to be inflated, but rather would be even higher using 

conversion factors employed in other studies (Partensky et al., 1996; Buitenhuis et 

al., 2012).  

     The high biomass and production by different phytoplankton communities in 

the MLM and MHM highlight the importance of resolved sampling in complex 

mesotrophic systems. Although differences in supply waters are still unclear, the 

MLM and MHM do not show a strong influence of upwelled water; the salinity in 

upwelled water is greater than 33.5 (Pennington and Chavez, 2000). Hence, there 

is likely a third modality to be defined, a mesotrophic-upwelled modality (MUM). 

Prior measurements of eukaryotic production in the California Current system are 

highly variable, and the highest rates often attributed to upwelling (Worden and 

Binder, 2003; Worden et al., 2004; Li et al., 2010; Chavez et al., 2011; Taniguchi 

et al., 2014). In contrast, here we identify coherent communities that have 

significantly different biomass and production rates. These correspond to MLM 

and MHM differences in several abiotic aspects, including salinity, NO3
-
 and 

PO4
3-

 concentrations which were higher in the MHM where temperature was also 

lower. While these differences are significant, they are subtle in the broader 

context of oceanographic studies in transition zone systems and are much lower 

than coastal environments (e.g., Figure 2.1B).  

     Distinct phytoplankton communities appear to underlie prior observations of 

highly variable primary productivity and phytoplankton growth rates in offshore 

mesotrophic sites of Eastern Boundary Current systems. Our study gives 

unprecedented insights into coherence of phytoplankton communities associated 
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with different environmental modalities that will enable development of trait 

based global primary production models. 
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SUPPLEMENTAL FIGURE LEGENDS 

 

 

 
 

 

 

Figure S2.1. Comparisons between 16S V1-V2 rRNA amplicon relative 

abundance and cell counts and biomass determined by flow cytometry. (A) 

Prochlorococcus and Synechococcus percent of cyanobacteria cell abundance 

compared to their relative contributions based on 16S amplicons relative to total 

cyanobacterial amplicons. (B) Prochlorococcus, Synechococcus and 

photosynthetic eukaryotes contributions to total phytoplankton cell abundance 

compared to their contributions based on16S amplicons. (C) Prochlorococcus, 

Synechococcus and photosynthetic eukaryotes contributions to total phytoplankton 

biomass compared to their contributions based on16S amplicons. Dotted line 

represents the 1:1 line.  
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Figure S2.2. Cyanobacterial community profiles. Percent contributions of each 

Prochlorococcus and Synechococcus clade, and other cyanobacteria (Table S2.4) 

relative to total amplicons assigned to cyanobacteria. The hierarchical clustering 

of the cyanobacterial community profile is shown on top. Oligotrophic regime 

(OR), mesotrophic low modality (MLM), mesotrophic high modality (MHM). 
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Figure S2.3. Community profiles of photosynthetic eukaryotes community 

profiles. Hierarchical clusters based on the relative contribution of each taxa 

within the major eukaryotic groups analyzed herein; Viridiplantae (which includes 

the prasinophytes), stramenopile and pelagophyceae. Oligotrophic regime (OR), 

mesotrophic low modality (MLM), mesotrophic high modality (MHM). 
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Figure S2.4. Density (sigma-t) vertical profiles from casts (C) deployed 24 hrs 

apart before and after sample 702009GF* (Table S2.1 and S2.3). 
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Figure S2.5. Viridiplantae phylogenetic reference tree for assignment of V1-V2 

16S rRNA amplicons using PhyloAssigner (Vergin et al., 2013).  
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Figure S2.6. Phytoplankton composition at station 6 along Line P based on 16S 

community profiles. (A) total plastid amplicons and (B) total cyanobacterial 

amplicons.  
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CHAPTER 3 

 

Responses of the marine green alga Micromonas to nitrogen depletion. 
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ABSTRACT 

 

     Nitrogen is an essential nutrient that can limit phytoplankton growth in the 

ocean. Phytoplankton have developed multiple strategies for acquiring nitrogen 

and bear with its fluctuations and scarcity. The marine green alga Micromonas 

(prasinophyte) has been observed in photic zone waters from low to high latitudes 

under a wide range of marine conditions where nitrogen can limit phytoplankton 

growth. In this chapter, the effects of nitrogen depletion were investigated for two 

characterized Micromonas species, M. commoda (RCC299) and M. pusilla 

(CCMP1545), as well as a polar isolate; Micromonas CCMP2099. These 

Micromonas isolates belong to three divergent clades (clades A, D and E2, 

respectively). Cultures acclimated to replete conditions and maintained in mid-

exponential growth were shifted to either N-deplete medium (treatment, no 

nitrogen amendment) or to replete medium (control). Cells from the final time 

point of these experiments were used in a second type of experiment that involved 

refeeding the cultures with nitrogen. This was performed for both the control 

cultures (after they entered stationary phase) and the N-deplete treatment cells. A 

large difference between growth rates of controls and N-deplete treatments growth 

rates was observed in all depletion experiments. For M. pusilla, we observed a 

particularly pronounced increase in mean Forward Angle Light Scatter (FALS, 

measured on a flow cytometer and serving as a proxy of cell size) in N-deplete 

treatments. In contrast, FALS in M. commoda and M. CCMP2099 remained 

relatively consistent between controls and treatments. In the refeeding phase, a 

slower recover (increase in growth rate) was observed for cells from the N-deplete 
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treatments. This analysis provides first insights into the effects of nitrogen 

depletion on the growth and cellular parameters of representatives from across the 

Micromonas genus.  
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INTRODUCTION 

 

     Nitrogen is an essential nutrient that can limit phytoplankton growth in the 

ocean (Falkowski, 1997; Zehr and Ward, 2002; Zehr and Kudela, 2011; Moore et 

al., 2013). Nitrogen availability in the photic zone shows broad scale geographical 

patterns, typically with higher concentrations in coastal regions and lower 

concentrations in the open ocean (Capone et al., 2009). Nitrogen also varies 

vertically in the water column and seasonally in many marine systems. Hence, 

phytoplankton have developed multiple strategies for acquiring nitrogen, ranging 

from fixation of dinitrogen gas by cyanobacteria (Zehr, 2011), utilization of low 

molecular weight dissolved organic nitrogen (Tom and Deborah, 2003; Bradley et 

al., 2010; Solomon et al., 2010) and uptake and assimilation of dissolved 

inorganic nitrogen (e.g. NH4
+
 and NO3

-
) (Zehr and Kudela, 2011; Voss et al., 

2013).  

     At the physiological level, a number of changes are known to occur in 

eukaryotic algae (protists) under nitrogen limitation. Some examples of changes 

under nitrogen limitation include modifications of the photosynthetic machinery, 

for example changes in pigment content have been shown in 12 phytoplankton 

species from eight phytoplankton classes exhibiting reduction in Chlorophyll a 

and carotenoids cellular content (Henriksen et al., 2002), and a reduction in 

Chlorophyll a has also been observed in the diatoms Phaeodactylum tricornutum 

(Alipanah et al., 2015) and Thalassiosira weissflogii, the haptophyte Emiliana 

huxleyi (McKew et al., 2015), as well as the green algae Dunaliella tertiolecta and 

Ostreococcus tauri (Halsey and Jones, 2015). In addition, eukaryotic algae may 
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modify their photosynthetic complexes (e.g. in the marine Nannochloropsis 

gaditana reduction of photosystem II and activation of cyclic electron transport as 

alternative electron flow to CO2 (Simionato et al., 2013)). Moreover, eukaryotic 

algae appear to decrease carbon fixation (López-Sandoval et al., 2014), and adjust 

their energy allocation into varying pools of carbon (e.g. decreased in carbon 

allocated into proteins and increase in carbohydrate content, particularly in 

structural components of the cell shown in five green algal species, one 

dinoflagellate, two haptophytes and two diatoms as reviewed in (Halsey and 

Jones, 2015)), and also allocate it into other compounds like lipids (Griffiths and 

Harrison, 2009; Wang et al., 2009; Simionato et al., 2013; Yang et al., 2013) and 

starch (Ral et al., 2004). 

     Marine green algae belonging to the prasinophytes (Marin and Melkonian, 

2010) have been observed in photic zone waters from low to high latitudes 

(Slapeta et al., 2006; Worden, 2006; Lovejoy et al., 2007; Worden and Not, 2008; 

Li et al., 2009b; Massana, 2011; de Vargas et al., 2015; Monier et al., 2015) under 

a wide range of marine conditions (e.g. open ocean to coastal environments) 

(Demir-Hilton et al., 2011; Treusch et al., 2012; Simmons et al., 2015; Choi et al., 

2016; Monier et al., 2016; Simmons et al., 2016), where nitrogen is thought to 

often be a limiting factor for phytoplankton growth. The prasinophyte genera 

observed most frequently thus far are Micromonas, Ostreococcus and 

Bathycoccus, picoeukaryotic species that belong to prasinophyte Class II (Not et 

al., 2004; Demir-Hilton et al., 2011; Treusch et al., 2012; Vaulot et al., 2012; 

Kirkham et al., 2013; Simmons et al., 2015; Simmons et al., 2016). The genus 

Micromonas is the most diverse of these genera and forms 7 phylogenetically 
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distinct clades (Simmons et al., 2015). Whole genome sequencing of two 

Micromonas isolates, Micromonas commoda (RCC299) and Micromonas pusilla 

(CCMP1545) (Worden et al., 2009; van Baren et al., 2016), from two highly 

diverged clades (clade A and clade D (Simmons et al., 2015)), shows that these 

isolates share at most 81% of their proteins (orthologs) based on reciprocal best 

blastp (e-value cutoff of ≤10
-5

), and possibly as few as 64% based on analyses 

using OrthoMCL (van Baren et al., 2016). This suggests there is considerable 

diversification that presumably corresponds to individual adaptive strategies. Thus 

far responses to nitrogen deprivation and steady-state nitrogen limitation have 

been studied in two studies on M. commoda (McDonald et al., 2010; Halsey et al., 

2014) and one study on M. pusilla (Cochlan and Harrison, 1991b). Likewise, for 

its close relatives Ostreococcus and Bathycoccus only four studies have been 

performed on the lagoonal Ostreococcus tauri (Fouilland et al., 2004; Ral et al., 

2004; Le Bihan et al., 2011; Halsey et al., 2014), one study on growth rate 

changes of Ostreococcus lucimarinus CCE9901 under different N-sources 

(Fouilland et al., 2004; Worden, 2004) and none on Bathycoccus.  

     The effects of nitrogen depletion were investigated for M. commoda (RCC299) 

and M. pusilla (CCMP1545). We also explored growth of a polar isolate that was 

considered endemic to the Arctic, Micromonas isolate CCMP2099 (clade E2), but 

now appears to be present in the Antarctic as well (Simmons et al., 2015; Monier 

et al., 2016). Triplicate controls and treatments were performed for experiments in 

which cells acclimated to replete conditions and maintained in mid-exponential 

growth were shifted to either N-deplete medium (treatment, no nitrogen 

amendment) or to replete medium (control). In addition, the control cultures, after 
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they entered stationary phase, and cells from the N-deplete treatment were 

investigated in refeeding experiments. A large difference between growth rates of 

controls and N-deplete treatments growth rates was observed in all depletion 

experiments. For M. pusilla, we observed a particularly pronounced increase in 

mean Forward Angle Light Scatter (FALS, measured on a flow cytometer and 

serving as a proxy of cell size) in N-deplete treatments. In contrast FALS in M. 

commoda and M. CCMP2099 did not show prominent changes. This analysis 

provides first insights to the effects of nitrogen depletion on the growth and 

cellular parameters of representatives from across the Micromonas genus.  

 

 

MATERIALS AND METHODS 

 

     Cultures.  

     Axenic cultures of M. commoda (RCC299) and M. pusilla (CCMP1545) were 

studied. Both of these strains have been rendered axenic and maintained in the 

Worden lab for multiple years, but are available at Roscoff Culture Collection 

(RCC) and Provasoli-Guillard National Center for Culture of Marine 

Phytoplankton and Microbiota (NCMA), respectively. M. CCMP2099 was 

acquired from the NCMA, and treated with kanamycin (12.5 µg ml
-1

), penicillin G 

(25 µg ml
-1

) and neomycin (20 µg ml
-1

) to reduce bacteria but was not rendered 

axenic. Axenicity was tested using DAPI staining and epifluorescence microscopy 

(Porter and Feig, 1980) at several timepoints, and inoculation into an organic rich 

test medium (5 g peptone and 10 g malt extract in one liter of natural sea water, 
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Biosciences) at the beginning and end of the experiments, at minimum. 

Polystyrene, vented tissue culture flasks (Corning) were used for all culturing. 

      

     Depletion experiments and set up. 

     The three strains were grown under a 14h:10h light:dark cycle prior to and 

during experiments. Cells were acclimated and maintained in mid-exponential 

growth for at least ten generations before experiment initiation (acclimated phase). 

Cells were then spun (Super speed centrifuge) for 12 min at 8,000 - 10000 x g, the 

supernatant was discarded and the pellet re-suspended in replete medium 

(Control) or medium in which the nitrogen amendment was omitted (N-deplete 

treatment). Controls and treatments were performed in biological triplicates at 

volumes of 370 up to 800 ml, depending on the experiment (Figure 3.1). 

     The two sets of depletion experiments performed involved different media. The 

first set used L1 medium (minus Si (Guillard and Hargraves, 1993) and each of 

the three strains was examined. L1 medium, contains 882 µM NaNO3 as the sole 

nitrogen source. L1 medium was prepared with a natural sea water base collected 

at 33.29°N, -129.43°E (NO3
-
 < 0.1 µM and NH4

+
 < detection limit, detection limit 

10 nM). M. pusilla and M. commoda were grown at 18°C and 200 μmol photons 

m
-2

 s
-1

 photosynthetically active radiation (PAR). M. CCMP2099 was grown at 7 

± 1°C and 80 μmol photons m
-2

 s
-1 

PAR.  

     The second depletion experiment set involved Keller medium minus Si (K-

medium) (Keller et al., 1987) with an artificial sea water base. K-medium contains 

882 µM NaNO3 and 50 µM NH4Cl as nitrogen sources. Only M. commoda was 

investigated and it was grown at 21°C and 180 μmol photons m
-2

 s
-1

 PAR. 
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Hereafter, the M. commoda experiment in L1 medium will be referred to as M. 

commoda EXP L1 and in K-medium as M. commoda EXP K.  

     It should be noted that there are other variations between the two medium types 

used, such as phosphate supplied as 36 µM NaH2PO4 - H2O (L1) versus 100 µM 

Na2 β-glycerophosphate-6 H2O (K). Note that during the depletion experiments, 

cells were monitored for 4 days (from experiment initiation day 0 to day 4), 

except M. CCMP2099 which was monitored for 3 days. 

      

     Refeeding experiments. 

     At the end of each depletion experiment, cells from controls (which had 

entered stationary phase) and the N-deplete treatments were transferred to replete 

medium or, for M. CCMP2099 only, with NO3
-
 added. M. pusilla and M. 

commoda EXP L1 cells were transferred to L1-medium in biological duplicate on 

day 4. In addition, biological duplicates of the stationary phase controls and N-

deplete treatments were transferred to a modified L1 medium, in which the 

standard NO3
-
 source was replaced with 100 µM NH4

+
. In both cases (both types 

of L1) cells were then monitored for two days. For M. CCMP2099, NO3
-
 (882 µM 

NaNO3, final concentration) was added to biological triplicates from day 3 of the 

depletion experiment and monitored for one day. Lastly, on day 4 of the M. 

commoda depletion EXP K, biological triplicates of controls (which had entered 

stationary phase) and N-deplete treatments were transferred into replete K ASW 

(Artificial Sea Water) medium and monitored for two days (Figure 3.1). 
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Figure 3.1. Schematic representation of depletion and refeeding experiment 

phases performed with each strain in L1 medium (Micromonas pusilla, 

Micromonas commoda EXP L1 and Micromonas CCMP2099) and K-medium 

(Micromonas commoda EXP K). 

 

     Cell monitoring and growth rate calculations. 

     Cells were monitored 3 to 4 hours into the light period during both the 

acclimation period and over the course of each experiment. Live cells were 

enumerated by flow cytometry (FCM) using either an Accuri C6 (Becton 

Dickinson) or an EPICS (Coulter Corp). Additional FCM samples were collected 

at each time point and preserved with glutaraldehyde (0.25% final concentration, 

Electron Microscopy Sciences) for 20 min at room temperature in the dark and 

flash frozen in liquid nitrogen. These samples were later analyzed on an Influx 

flow cytometer (Becton Dickinson) using FALS, red autofluorescence from 

chlorophyll (692 ± 40 nm band pass filter), and green fluorescence (531 ± 40 nm 
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band pass filter), the latter was used for selection of beads only. Data collection 

was triggered on FALS. Fluoresbrite YG 0.75 µm and Polychromatic Red 2.0 µm 

diameter polystyrene beads (Polysciences Inc., Warrington, PA, USA) were added 

for normalization of red fluorescence and FALS. Listmodes were analyzed using 

WinList 7.0 (Verity Software House, Topsham, ME, USA). 

     Note that values of cell abundance on day 0 (D0) at the start of the depletion 

experiment, correspond to cell ml
-1

 after spinning, whereas mean FALS on day 0 

(D0) correspond to the values calculated from acclimated mid-exponential cells, 

because the mean FALS after spinning was the only sample recorded about 8 

hours after lights on, when cells may experience changes in cell size due to 

physiological changes over their cell cycle A progressive increase in mean FALS 

during the light period of Micromonas cell cycle was shown on M. pusilla 

(Duanmu et al., 2014) and Micromonas sp. CCMP489 (clade A) (DuRand et al., 

2002). Growth rates on day 0 (D0) correspond to the mean (and standard 

deviation) calculated from the growth rates of the ten generations of acclimated 

cells in mid-exponential growth. 

     Growth rate (µ) over time was calculated as:  

µ = [ LN (xf / xi) ] / t 

     Where:  

     xi = initial cell abundance, xf = final cell abundance, t = time (in this case per 1 

day).  
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Table 3.1: Culturing conditions for L1 medium experiments (Micromonas pusilla (CCMP1545), Micromonas commoda (RCC299) EXP 

L1 and Micromonas sp. (CCMP2099)) and K medium experiment (Micromonas commoda (RCC299) EXP K). Mean and standard 

deviation of growth rate was calculated from the 10 generations of acclimated phase prior to experiment initiation. 

 

 
Water base 

Nitrogen 

source (µM) 

Temperature 

(ºC) 

Light level 

(μmol photons m
-2

 s
-1

) 

Acclimated phase 

growth rate (µ, d
-1

) 

     L1 medium depletion experiments      

Micromonas pusilla (CCMP1545) Natural sea-water* 882 NaNO3 18 200 0.4 ± 0.1 

Micromonas commoda (RCC299) EXP L1 Natural sea-water* 882 NaNO3 18 200 0.5 ± 0.1 

Micromonas sp. (CCMP2099) Natural sea-water* 882 NaNO3 6-9 80 0.4 ± 0.0 

     K medium depletion experiments      

Micromonas commoda (RCC299) EXP K Artificial sea-water 
882 NaNO3 

50 NH4Cl 
21 180 0.8 ± 0.1 

*Natural sea-water collected at 33.29°N, -129.43°E 
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Table 3.2: Cell abundance of controls and N-deplete treatments at experiment initiation for L1 medium experiments (Micromonas 

pusilla (CCMP1545), Micromonas commoda (RCC299) EXP L1 and Micromonas sp. (CCMP2099)) and K medium experiment 

(Micromonas commoda (RCC299) EXP K). Mean and standard deviation was calculated from biological triplicates for most 

experiments, except for refeeding phase of two of the L1 medium experiments (Micromonas pusilla (CCMP1545) and Micromonas 

commoda (RCC299) EXP L1), which were performed in biological duplicates. 
 

 Controls 

Cells ml
-1

 (x10
6
) 

N-deplete treatments 

Cells ml
-1

 (x10
6
) 

     Depletion experiments   

     L1 medium    

Micromonas pusilla (CCMP1545) 14 ± 1 13 ± 0 

Micromonas commoda (RCC299) EXP L1 10 ± 0 10 ± 0 

Micromonas sp. (CCMP2099) 5 ± 0 6 ± 0 

     K medium    

Micromonas commoda (RCC299) EXP K 9 ± 1 9 ± 1 

     Refeeding experiments   

     L1 medium    

Micromonas pusilla (CCMP1545) 9 ± 1 4 ± 0 

Micromonas commoda (RCC299) EXP L1 7 ± 0 5 ± 0 

Micromonas sp. (CCMP2099) 14 ± 0 7 ± 0 

     K medium    

Micromonas commoda (RCC299) EXP K 4 ± 0 4 ± 1 

  

6
3
 



 

 
 

     RNA harvesting, extraction and quantification. 

     Ninety to 100 ml of M. pusilla and M. commoda (EXP K only) cells were 

harvested at time points for which RNA was collected. Cells were filtered onto a 

47 mm Supor filter (Pall Scientific, Port Washington NY, USA), which was then 

flash frozen and subsequently move to -80°C for longer term storage. RNA 

extraction were performed using the TotallyRNA kit (Life Technologies, Grand 

Island NY, USA) with an additional first step, where approximately 200 μl of a 

1:1 mixture (by volume) of 0.1 mm and 0.5 mm diameter autoclaved glass beads 

(Biospec Products, Bartlesville OK, USA) were added with 1 ml lysis buffer to 

the frozen filter and bead beat for 2 min, as previously described in (Duanmu et 

al., 2014). RNA quality was assessed on a bioanalyzer (Agilent, Santa Clara CA, 

USA). RNA was quantified on a Qubit 2.0 fluorometer (Life Technologies).  

 

    Statistical analysis. 

     Pairwise comparisons were performed with a two tailed t-test or a Mann-

Whitney U test if a Normality Test (Shapiro-Wilk) and/or an Equal Variance Test 

(Brown-Forsythe) was not passed. All tests were performed on SigmaPlot 13.0 

(Systat Software Inc.). 
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RESULTS 

 

     Depletion Experiments. 

     L1-medium Experiments. 

     Growth rates of  M. pusilla, M. commoda EXP L1 and M. CCMP2099 during 

the 10 generations of acclimated mid-exponential growth leading up to the L1 

nitrogen depletion experiments were 0.4 ± 0.1 d
-1

, 0.5 ± 0.1 d
-1

 and 0.4 ± 0.0 d
-1

, 

respectively  (Figures 3.2, 3.3 and 3.4, Table 3.1). For M. pusilla, average cell 

concentrations of replete controls and nitrogen-deplete treatments were similar at 

the start of the experiment (day 0, D0) (Figure 3.5a, Table 3.2). Controls continued 

to grow for two days after the start of the experiment. On day 2 (D2), control 

growth rates were the same as during the 10 generation acclimated phase, 

although they were lower on day 1 (D1) (0.3 ± 0.0 d
-1

, p < 0.05) lower growth 

rates with subsequent recovery have previously been observed after centrifuging 

cells. Controls entered stationary phase on day 3 (D3) (Figure 3.2 and 3.5a) and 

the abundance in controls when the experiment was terminated (day 4, D4) was 31 

± 2 x 10
6
 cells ml

-1
, 2.2 times the initial cell concentration (Figure 3.5a). N-deplete 

treatments exhibited no growth by D1 and cell abundance was not statistically 

different (p > 0.05) from day to day in this treatment throughout the experiment. 

Thus, across all days the mean abundance in the N-deplete treatments was 13 ± 1 

x 10
6
 cells ml

-1
 (Figures 3.2a and 3.5a). Mean FALS cell

-1
 of M. pusilla N-deplete 

treatments, ranged from 156 ± 1 to 317 ± 6 throughout the course of the depletion 

experiment. When compared to D0, FALS of N-deplete cells showed significant 

increases (p < 0.001) of 1.6-fold on D1 and up to 2.0-fold on D4. Mean FALS cell
-
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1 
of controls also changed significantly (p < 0.001) over the course of the 

experiment, ranging from 149 ± 1 to 170 ± 1. Within time point comparisons 

showed that mean FALS cell
-1

 of M. pusilla N-deplete treatment changed more 

than the controls over the course of the experiment, such that FALS for N-deplete 

cells was significantly (p < 0.001) higher than for control cells starting on D1 and 

across all time points, with a maximum of 1.9-fold on D2 as well as on D3 and on 

D4 (Figure 3.5b).  

      For M. commoda EXP L1, average cell concentrations at D0 were the same for 

the biological triplicates of replete controls and nitrogen-deplete treatments, and 

lower but of the same order of magnitude as for M. pusilla (Table 3.2). Controls 

grew for two days after the start of the experiment. On D2, control growth rates 

were the same as during the 10 generation acclimated phase, but were lower on D1 

(0.4 ± 0.0 d
-1

, p < 0.001), as observed previously and attributed to disruption 

related to manipulation during experiment set up. Controls entered stationary 

phase on D3 (Figure 3.3) and reached a final concentration of 25 ± 2 x 10
6
 cells 

ml
-1

 on D4 when the experiment was terminated (Figure 3.6a). N-deplete 

treatments continued growing on D1 and D2, with significantly (p < 0.001) lower 

growth rates relative to that during of the pre-experiment acclimated phase. By D2, 

N-deplete treatments growth rate had decreased by 3-fold relative to that the 

acclimated phase and by D3 exhibited no growth. Relative to D0, mean FALS of 

N-deplete treatments increased (p < 0.001) on D1 and D2, but with relatively low 

fold changes (1.2 and 1.1, respectively) and although it appeared to decline on D3 

and D4, these changes were not significant. Relative to D0, mean FALS of controls 

increased slightly on D1 by 1.1-fold and then progressively decreased (p < 0.001) 
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from D2 to D4. Thus, when compared within each time point the mean FALS cell
-1

 

of controls was significantly (p < 0.001) lower than for N-deplete treatments from 

D2 to D4, by a maximum of 1.4-fold on D3 and on D4 (Figure 3.6b). 

     For M. CCMP2099, average cell concentrations at D0 were the same for the 

biological triplicates of replete controls and nitrogen-deplete treatments, but lower 

than for M. pusilla and M. commoda (Table 3.2). Controls exhibited growth for 

two days. On D2, control growth rates (0.5 ± 0.0 d
-1

) were higher (p < 0.001) than 

the growth rate of the pre-experiment acclimated phase (0.4 ± 0.0 d
-1

, Figure 3.4 

and 3.7a) and on D3 at experiment termination was again lower (0.3 ± 0.0 d
-1

). 

Mean FALS cell
-1 

was measured at D0 and D3 (the D1 and D2 sample for FALS 

determination was lost due to instrument issues), and increased by 1.2-fold in 

controls (p < 0.001). N-deplete treatments exhibited growth on D1 and D2, but 

none on D3 when the experiment was terminated. The growth rate of N-deplete 

treatments was lower than during the pre-experiment acclimated phase, but this 

difference was only significant (p < 0.001) for D1 and D3, due to variability in 

biological triplicates on D2. Relative to D0, mean FALS cell
-1

 of the N-deplete 

treatment increased significantly (p < 0.001) by 1.3-fold on D3 day. Additionally, 

on D3, mean FALS of N-deplete treatment cells was significantly (p < 0.001) 

higher than controls (1.1-fold higher) (Figure 3.7b). Note that for this experiment 

the final time point was taken earlier, with respect to entrance into stationary 

phase (for controls) and nitrogen starvation than for the other two Micromonas 

species. 
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Figure 3.2. Mean and standard deviation of daily (D) growth rates of Micromonas 

pusilla during 10 generations of acclimated phase (D0) and throughout the 

nitrogen depletion experiment and refeeding phase for controls and N-deplete 

treatments. (a) Refeeding phase (rD1 and rD2) after transferring controls and N-

deplete treatments to replete L1-medium. (b) Refeeding phase (rD1 and rD2) after 

transferring controls and N-deplete treatments to modified replete L1 medium, in 

which the standard NO3
-
 source was replaced with 100 µM NH4

+
. Filled arrow 

head indicates when biological triplicates were spun to remove from replete 

medium and then resuspended in replete L1 medium (Controls) and in N-deplete 

L1 medium (N-deplete treatments). For refeeding phase, biological duplicates 

were transferred on *D4. Arrows indicate RNAseq sample (see Chapter 4). 
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     Figure 3.3. Mean and standard deviation of daily (D) growth rates of 

Micromonas commoda EXP L1, during 10 generations of acclimated phase (D0) 

and throughout the nitrogen depletion experiment and refeeding phase for controls 

and N-deplete treatments. (a) Refeeding phase (rD1 and rD2) after transferring 

controls and N-deplete treatments to replete L1-medium. (b) Refeeding phase (rD1 

and rD2) after transferring controls and N-deplete treatments to modified replete 

L1 medium, in which the standard NO3
-
 source was replaced with 100 µM NH4

+
. 

Black triangle indicates when biological triplicates were spun to remove from 

replete medium and then resuspended in replete L1 medium (Controls) and in N-

deplete L1 medium (N-deplete treatments). For refeeding phase, biological 

duplicates were transferred to replete L1 medium on *D4. 
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Figure 3.4. Mean and standard deviation of daily (D) growth rates of Micromonas 

CCMP2099, during 10 generations of acclimated phase (D0) and throughout the 

nitrogen depletion experiment and refeeding (rD1) phase for controls and N-

deplete treatments (biological triplicates). Black triangle indicates when biological 

triplicates were spun to remove from replete medium and then resuspended in 

replete L1 medium (Controls) and in N-deplete L1 medium (N-deplete 

treatments). For refeeding phase, NO3
-
 (880 µM) was added on *D3. 
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Figure 3.5. Mean and standard deviation of cell parameters of Micromonas 

pusilla throughout the nitrogen depletion experiment. (a) Cell abundance. (b) 

Changes in bead normalized mean FALS (forward angle light scatter; a proxy of 

cell size). (c) Total RNA per cell (in biological triplicates). Black triangle 

indicates when biological triplicates were spun to remove from replete medium 

and then resuspended in replete L1 medium (Controls) and in N-deplete L1 

medium (N-deplete treatments). For refeeding phase, biological duplicates were 

transferred to replete L1 medium on *D4. Arrows indicate RNAseq sample (see 

Chapter 4). 
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Figure 3.6. Mean and standard deviation of cell parameters of Micromonas 

commoda EXP L1, throughout the nitrogen depletion experiment. (a) Cell 

abundance. (b) Changes in bead normalized mean FALS (forward angle light 

scatter; a proxy of cell size). Black triangle indicates when biological triplicates 

were spun to remove from replete medium and then resuspended in replete L1 

medium (Controls) and in N-deplete L1 medium (N-deplete treatments). For 

refeeding phase, biological duplicates were transferred to replete L1 medium on 

*D4.  
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Figure 3.7. Mean and standard deviation of cell parameters of Micromonas 

CCMP2099, throughout the nitrogen depletion experiment. (a) Cell abundance. 

(b) Changes in bead normalized mean FALS (forward angle light scatter; a proxy 

of cell size). Black triangle indicates when biological triplicates were spun to 

remove from replete medium and then resuspended in replete L1 medium 

(Controls) and in N-deplete L1 medium (N-deplete treatments). For refeeding 

phase, NO3
-
 (880 µM) was added on *D3. 

 

 

     K-medium Experiment. 

     For M. commoda EXP K, growth rates during the 10 generation acclimated 

phase (D0) was 0.8 ± 0.1 d
-1

. Average cell concentrations at D0 were similar for 

the biological triplicates of replete controls and nitrogen-deplete treatments (Table 

3.2). Controls continued to grow on D1 and D2, with significantly (p < 0.001) 

lower rates compared to the growth rate during 10 generations of acclimated 

phase. By D3 controls had entered stationary phase (Figure 3.8) and reached 34 ± 

3 x 10
6
 ml

-1
 by D4 when the experiment was terminated (Figure 3.9a). N-deplete 
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treatments exhibited growth on D1, but at a lower rate (p < 0.001) than during the 

10 generations in the pre-experiment acclimated phase (Figure 3.8). Growth rates 

in N-deplete treatments declined from D1 but with more variability than observed 

in L1 depletion experiment (e.g., the increase between D2 and D3 to 0.1 ± 0.0 d-1). 

Thus, despite the observed variability, N-deplete treatments growth rates on D2, 

D3 and D4 were significantly lower (p < 0.05) than those of controls at the same 

time point or in the pre-experiment acclimated phase.  Mean FALS cell
-1 

of N-

deplete treatments ranged from 121 ± 4 to 144 ± 2 over the course of the depletion 

experiment, with significantly (p < 0.05) higher mean FALS on D1 and D2 

compared to D0. Likewise, mean FALS of controls ranged from 123 ± 2 to 141 ± 

3, such that D1 FALS cell
-1 

was significantly (p < 0.001) higher  (Figure 3.9b). 

Nevertheless, within time point comparisons showed that on D2, mean FALS cell
-1 

in the N-deplete treatment was 1.1-fold higher than controls, a very slight (albeit 

significant, p < 0.001)  change relative to those observed in other experiments.   
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Figure 3.8. Mean and standard deviation of daily (D) growth rates of Micromonas 

commoda EXP K, during 10 generations of acclimated phase (D0) and throughout 

the nitrogen depletion experiment and refeeding phase for controls and N-deplete 

treatments. (a) Refeeding phase (rD1 and rD2) after transferring controls and N-

deplete treatments to replete L1-medium. Black triangle indicates when biological 

triplicates were spun to remove from replete medium and then resuspended in 

replete K medium (Controls) and in N-deplete K medium (N-deplete treatments). 

For refeeding phase, biological duplicates were transferred to replete K medium 

on *D4. Arrows indicate RNAseq sample (see Chapter 4). 
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Figure 3.9. Mean and standard deviation of cell parameters of Micromonas 

commoda EXP K, throughout the nitrogen depletion experiment. (a) Cell 

abundance. (b) Changes in bead normalized mean FALS (forward angle light 

scatter; a proxy of cell size). (c) Total RNA per cell (in biological triplicates). 

Black triangle indicates when biological triplicates were spun to remove from 

replete medium and then resuspended in replete K medium (Controls) and in N-

deplete K medium (N-deplete treatments). For refeeding phase, biological 

triplicates were transferred to replete K medium on *D4. Arrows indicate RNAseq 

sample (see Chapter 4). 
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     Refeeding Experiments. 

     L1-medium Experiments. 

     At the end of each depletion experiment, controls and N-deplete treatments 

were transferred to replete L1 medium or NO3
- 
was added (M. CCMP2099 only). 

The refeeding experiments were initiated on D4 for M. pusilla and M. commoda 

EXP L1 and D3 for M. CCMP2099. Average cell concentration after transferring 

or after NO3
-
 addition differed between controls and N-deplete treatments (Table 

3.2). The cell concentrations varied more considerably in the refeeding 

experiments, especially between treatments, because they depended in part on cell 

concentrations at the termination of each depletion experiment. 

     For M. pusilla, cell division was re-established in controls on day 1 after 

refeeding (rD1) (0.3 ± 0.0 d
-1

) and increased to 0.4 ± 0.1 d
-1

 by day 2 (rD2). Hence, 

controls growth rates by day 2 of the refeeding phase were not significantly 

different to those during the pre-experiment 10 generations of replete growth. 

Growth rates of N-deplete treatments did not increase until rD2 upon refeeding 

(0.3 ± 0.0 d
-1

). Growth rate of N-deplete treatments on rD2 was significantly (p = 

0.03) lower to growth rates during 10 generations of acclimated phase. By rD2, 

14% of N-deplete cells have divided (Figures 2a and 10a). By rD2, mean FALS 

(317 ± 6) of the N-deplete cultures decreased significantly (p < 0.001) relative to 

the mean FALS of N-deplete treatments on D4 during the depletion experiment 

phase. 

     When transferring to a modified replete L1 medium (NO3
-
 replaced by NH4

+
 as 

N source), M. pusilla controls increased growth rate on rD1 to 0.4 ± 0.1 d
-1

. By 
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rD2, controls growth rates had decreased to 0.3 ± 0.1 d
-1

. Growth rates of N-

deplete treatments were not re-established over the 2 days of this refeeding 

experiment (Figures 3.2b and 3.10b). 

     For M. commoda EXP L1, control growth rate (0.3 ± 0.0 d
-1

) on rD1 were 

significantly (p < 0.001) lower compared to the growth rates during 10 

generations in the acclimated phase. By rD2, controls growth rates were re-

established (0.7 ± 0.0 d
-1

) and were significantly higher relative to the growth 

rates during 10 generations of acclimated cells. Growth rates of N-deplete 

treatments were re-established on rD2 upon refeeding (0.5 ± 0.0 d
-1

) (Figures 3.3a 

and 3.11a). 

     When transferring to a modified replete L1 medium (NO3
-
 replaced by NH4

+
 as 

N source), M. commoda controls increased growth rate on rD1 to 0.2 ± 0.0 d
-1

. By 

rD2, controls growth rates were re-established to 0.5 ± 0.1 d
-1

. N-deplete 

treatments exhibited no growth over the 2 days of this refeeding experiment 

(Figures 3.3b and 3.4b). 

     For M. CCMP2099, cells were monitored after one day of NO3
-
 addition. Cell 

division of control cultures did not change from D3 (before NO3
-
 addition) to rD1 

(after refeeding). On rD1, the growth rate of controls (0.3 ± 0.0 d
-1

) was 

significantly (p < 0.001) lower to the growth rates during 10 generations of 

acclimated replete growth. The growth rate of N-deplete cells (0.1 ± 0.0 d
-1

) were 

significantly (p < 0.001) lower to those during 10 generations of acclimated 

growth, by 5-fold (Figures 3.4 and 3.12). 
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Figure 3.10. Mean and standard deviation of daily (rD) growth rates of 

Micromonas pusilla controls and N-deplete treatments throughout the refeeding 

phase. (a) Refeeding phase after transferring controls and N-deplete treatments to 

replete L1-medium. (b) Refeeding phase after transferring controls and N-deplete 

treatments to modified replete L1 medium, in which the standard NO3
-
 source was 

replaced with 100 µM NH4
+
.  

 

 

 

Figure 3.11. Mean and standard deviation of daily (rD) growth rates of 

Micromonas commode EXP L1 controls and N-deplete treatments throughout the 

refeeding phase. (a) Refeeding phase after transferring controls and N-deplete 

treatments to replete L1-medium. (b) Refeeding phase after transferring controls 

and N-deplete treatments to modified replete L1 medium, in which the standard 

NO3
-
 source was replaced with 100 µM NH4

+
. 
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Figure 3.12. Mean and standard deviation of daily (rD) growth rates of 

Micromonas CCMP2099 controls and N-deplete treatments throughout the 

refeeding phase. 

 

     K-medium Experiment. 

     For M. commoda EXP K, controls growth rate was re-established on rD1 to 0.7 

± 0.1 d
-1

, reaching the same level as growth rates during 10 generations of 

acclimated phase. By rD2, controls growth rates decreased significantly (p < 

0.001) to 0.4 ± 0.1 d
-1

. N-deplete treatments exhibited no growth on rD1. By rD2, 

N-deplete treatments showed the highest (p < 0.001) growth rates (1.1 ± 0.1 d
-1

) 

(Figures 3.8 and 3.13). 
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Figure 3.13. Mean and standard deviation of daily (rD) growth rates of 

Micromonas commoda EXP K controls and N-deplete treatments throughout the 

refeeding phase.  

 

     RNA concentrations  

     Total RNA per cell was quantified in controls and N-deplete treatments for the 

M. pusilla L1 depletion experiment and in M. commoda EXP B. For M. pusilla, 

total RNA cell
-1

 of controls ranged from 1.3 ± 0.1 x10
-8

 to 0.5 ± 0.1 x10
-8

 µg of 

total RNA cell
-1

 from D1 to D4. For N-deplete treatments it ranged from 1.2 ± 0.2 

x10
-8

 to 0.3 ± 0.0 x10
-8

 µg of total RNA cell
-1

 from day 1 to day 4. On D1, total 

RNA cell
-1

 of controls and N-deplete treatments was significantly (p < 0.001) 

higher than on D2 or on D4, by approximately 3-fold (Figure 3.5c; day 3 

measurements are not available). Additionally, the controls had more total RNA 

cell
-1

 than in treatments on D4, by 1.7-fold; however total RNA cell
-1

 was not 

significantly different between controls and treatments in all time points. 

     For M. commoda EXP K, total RNA cell
-1

of controls ranged from 1.4 ± 0.1 x 

10
-8

 (D1) to 0.7 ± 0.0 x10
-8

 (D4) µg of total RNA cell
-1

. Total RNA cell
-1

 of 

controls decreased significantly (p < 0.001) as cells entered stationary phase (D3 
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and D4). For N-deplete treatments total RNA cell
-1

 was significantly (p < 0.001) 

higher on D1 (0.6 ± 0.0 x10
-8

 µg of total RNA cell
-1

) than at other time points  and 

ranged from 0.4 ± 0.0 x10
-8

 to 0.3 ± 0.0 x10
-8

 µg of total RNA cell
-1

 without 

statistical differences over the rest of time course. At each time point, total RNA 

cell
-1

 in controls was significantly (p < 0.001) higher to N-deplete treatments 

(Figure 3.9c), by up to e.g. 3.3-fold (D2). 

 

DISCUSSION AND CONCLUSIONS 

 

     Nitrogen is considered a limiting nutrient for eukaryotic phytoplankton 

throughout much of the surface ocean (Falkowski, 1997; Zehr and Ward, 2002; 

Capone et al., 2009; Zehr and Kudela, 2011; Moore et al., 2013). For three 

prasinophytes in the genus Micromonas, growth under nitrogen depletion as well 

as refeeding responses, were assessed. The three strains come from ecologically 

important Micromonas clades (M. commoda, M. CCMP2099 and M. pusilla in 

clade A, E2 and D, respectively) (Simmons et al., 2015). Two of these are often 

found to be co-located (M. commoda, M. pusilla) (Worden, 2006; Foulon et al., 

2008; Simmons et al., 2015) and the third is a polar strain that is not found in 

lower latitude surface waters (Micromonas CCMP2099) (Lovejoy et al., 2007; Li 

et al., 2009b). 

     Variable growth rates (in replete medium) of Micromonas have been reported 

in several studies (Cochlan and Harrison, 1991a; Jacquet et al., 2001; Lovejoy et 

al., 2007; Cuvelier, 2010; McDonald et al., 2010; Duanmu et al., 2014; Maat et 

al., 2014; McRose et al., 2014), with similarities and difference to the growth 
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rates estimated herein. The Micromonas strains used in these studies are 

representatives of four of the 7 clades described (Simmons et al., 2015) (M. 

commoda RCC299 and M. CCMP489 in clade A, M. NEPCC 29 and M. LAC38 

in clade C, M. CCMP2099 in clade E2, and M. pusilla CCMP1545 and CCMP490 

in clade D). Micromonas clades A, B and C are phylogenically (18S rRNA gene) 

more closely related to each other than all other Micromonas, while other clades 

are thought or demonstrated to be diverged at the species level or more (Slapeta et 

al., 2006; Simmons et al., 2015).  

     The growth rate of M. pusilla (L1 medium) was lower (0.4 ± 0.1 d
-1

) than rates 

reported previously, where M. pusilla grown at 220 μmol photons m
-2

 s
-1

 and 21ºC 

in L1 exhibited growth rates of ~0.7 ± 0.1 d
-1

 (Duanmu et al., 2014; McRose et 

al., 2014). However, growth rates were similar to those of another M. pusilla 

isolate CCMP490 (clade D), grown in K medium at 19-21ºC (Jacquet et al., 

2001). For M. commoda, results show that growth rates during the pre-experiment 

acclimated phase were significantly different between the two experiments, but 

also were the environmental conditions. The warmer temperature K-medium 

experiment (EXP K) rendered 0.8 ± 0.1 d
-1

 while the colder L1 experiment 

rendered 0.5 ± 0.1 d
-1

 (EXP L1). Note that light was 20 μmol photons m
-2

 s
-1

 

higher in EXP L1.  Previous studies of Clade A Micromonas strains RCC299 

(Cuvelier, 2010; McDonald et al., 2010; McRose et al., 2014) and CCMP489 

(DuRand et al., 2002), reported higher or similar growth rates to M. commoda 

EXP K. Higher growth rates were shown in two studies with M. commoda grown 

at 21ºC in K medium; ~1.4 d
-1

 in (McDonald et al., 2010) and 1.2 ± 0.1, 1.8 ± 0.1 

and 1.2 ± 0.1 d
-1

 at 55, 240 and 630 µE m
-2

 s
-1

, respectively (Cuvelier, 2010). And 
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similar growth rates (0.9 d
-1

) were reported for M. commoda grown in K medium 

at 21ºC and 130 μmol photons m
-2

 s
-1

 PAR (McRose et al., 2014) as well as in the 

M. CCMP489 (Clade A) grown in f/2 medium at 25ºC and 120 μmol photons m
-2

 

s
-1

 (DuRand et al., 2002). The significantly (p < 0.001) lower growth rates (0.5 ± 

0.1 d
-1

) of M. commoda EXP L1, may be due to a combination of the lower 

temperature used (18 ºC in L1 versus 21ºC in K) as well as the absence of NH4
+
 in 

L1 medium, or other media differences. M. pusilla (isolate NEPCC 29, clade C) 

may use NH4
+
 more efficiently then NO3

+
 and urea (Cochlan and Harrison, 

1991a). For Micromonas CCMP2099 (Lovejoy et al., 2007) showed slightly 

higher growth rates (0.55 d
-1

) using K medium. Many of the differences between 

growth rates estimated here as well as variations across other studies, may relate 

to slight differences in experimental conditions, for example axenicity of the 

culture, the length of the L:D periods, or even genetic subtleties among strains 

(e.g. within the same clade) that manifest at the level of growth rate. The fact that 

growth rates for M pusilla and M. commoda in the present study in the L1 

experiments are very close, under identical conditions, indeed suggests that these 

other observed differences reflect variations in experiment conditions as opposed 

to physiological differences, at least for the light and temperature tested.  

     The response of controls across the time course of the depletion experiments 

was very similar across the representatives of different Micromonas clades. 

Control cells continued growing on D1 and D2 and entered stationary phase on D3, 

with nearly zero growth rates on D3 and D4. The exception was M. CCMP2099 

which still exhibited growth on D3 (and was not measured on D4, Figures 3.2-3.9), 

however the inoculum used for this experiment was around half that used for the 
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M. commoda and M. pusilla experiments (Table 3.2), and thus this likely simply 

reflects that the control medium was not depleted of essential components as 

rapidly. This conclusion is supported by the fact that at D3 there were 14 ± 0 x 10
6
 

cells ml
-1

 in the CCMP2099 experiment controls, while it was 31 ± 2 x 10
6
 and 25 

± 2 x 10
6
 cells ml

-1
 for M. pusilla and M. commoda, respectively.   

     The decrease in control growth rate on D1, compared to the acclimated pre-

experiment phase and the general increase on D2 observed in controls in the 

experiments may result of physiological stress due to centrifugation before 

experiment initiation. Notably, higher cell concentrations were used in the 

experimental period to ensure that enough RNA would be recovered from 

treatments for later RNA-seq analysis (see chapter 4). Thus, in addition to no 

longer being transferred to fresh medium on a daily basis, the drawdown of 

nutrients was presumably faster during the experiments. Although control growth 

rates were lower than in the acclimated phase, a more pronounced difference was 

observed between growth rates in controls and N-deplete treatments over the time 

course. This deviation was evident either by the first (D1) or second (D2) day.      

     Changes in mean FALS cell
-1

 were observed in controls and N-deplete 

treatments over the course of all depletion experiments. However, the magnitude 

of these changes was greatest (up to 2.2-fold increase) in N-deplete treatments of 

M. pusilla (Figure 3.5b). Previous studies reported changes in mean FALS cell
-1 

in 

three Micromonas strains from two phylogenetically closely related clades. 

Several of these addressed changes over the diel cell cycle for M. CCMP489 

(clade A) and two Clade D Micromonas, and hence is less relevant to our nutrient-

deprivation studies. In these diel studies, mean FALS cell-1 are coupled with the 

85



 

 
 

cell cycle of Micromonas isolate CCMP489 (Clade A), and M. pusilla CCMP490 

and CCMP1545 (clade D), increasing during the light period reaching its 

maximum (1.8 to 2.5-fold) as cell division starts across the transition between 

light and dark phases (Jacquet et al., 2001; DuRand et al., 2002; Duanmu et al., 

2014). The magnitude of change in mean FALS cell-1 in these studies is similar to 

the fold increase between M. pusilla N-deplete treatments and controls, in the 

present study. This suggests that in our study M. pusilla cells may be stalled just 

prior to division. Interestingly the mechanisms for division of the plastid in this 

genus, or most green lineage organisms is not well understood, but is likely very 

different between M. pusilla and M. commoda, because the former retains the 

entire peptidoglycan pathway (from the cyanobacterial endosymbiont that became 

the plastid) while the later does not (van Baren et al., 2016). 

     Two other studies have addressed changes in FALS under N-limitation in M. 

commoda (clade A) and P-limitation in M. LAC38 (Clade C). Mean FALS cell
-1

 

was 1-fold higher in M. isolate LAC38 (clade C) grown in P-limited steady-state 

at growth rate of 0.32 d
-1

 (Maat et al., 2014). The increase in mean FALS cell
-1

 

over the diel cycle and under P-limitation was accompanied by an increase in 

carbon content per cell. In contrast, the volume of M. commoda (measured by a 

Multisizer 3 Coulter counter) decreased under N-limited steady-state growth at 0.2 

d
-1

, yet carbon content increased (Halsey et al., 2014). The magnitude of the 

increase in mean FALS cell
-1

 for M. isolate LAC38 under P-limitation is similar to 

the degree of increase exhibited in N-deplete treatments in M. commoda EXP L1 

and EXP K, as well as in M. CCMP2099. However, the volume decreased of M. 

commoda under steady-state growth under N-limitation contrasts the results in my 
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study where N-deplete treatments of M. commoda in EXP K and EXP L1 shows 

either a slight increase or no change in mean FALS cell
-1

.  

     Recovery from stress by Micromonas controls at stationary phase and N-

deplete treatments was assessed by transferring back to nutrient replete medium at 

the end of the depletion experiment on D4 (or with NO3
-
 added on D3 in the case 

M. CCMP2099) (Figures 3.2-3.4, 8 and 3.10-3.13). With the exception of M. 

CCMP2099, our results show that in all refeeding experiments, controls in 

stationary phase responded with enhanced growth rates within the first day after 

refeeding (rD1). Controls of M. CCMP2099 show the same growth rates exhibited 

before transferring to replete medium, so their recovery might take longer, but, 

unlike the other experiments, this strain was not followed for a second day after 

refeeding (Figure 3.4 and 3.12). For M. pusilla and M. commoda EXP L1 controls 

showed higher growth rates on day 2 (rD2) after transferring to replete medium, 

whereas M. commoda EXP K showed higher growth rates on day 1 (rD1). The 

difference observed between L1 and K medium experiments may be due to NH4
+
 

in K medium, as M. commoda might utilize NH4
+
 more efficiently than NO3

-
, 

allowing rapid recovery (by day 1), as shown for Micromonas NEPCC 29 (clade 

C) by uptake kinetic analyses with 
15

N tracer technique, where the authors suggest 

this strain may use low concentrations of NH4
+
 more efficiently then NO3

-
 and 

urea (Cochlan and Harrison, 1991a). Additionally, we substituted NO3
- 
with NH4

+
 

(100 µM) in L1 medium, and observed different responses of M. pusilla and M. 

commoda. M. pusilla controls growth rates with NH4
+
 was similar (not 

significantly different) on rD1 and rD2 of the refeeding phase, and reached 

comparable growth rates reached on rD2 with NO3
-
 (Figure 3.2 and 3.10). In 
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contrast, M. commoda EXP L1 controls refed with NH4
+
 did not reach the growth 

rates achieved with NO3
-
 on rD2 (0.7 ± 0.0 d

-1
), rather the maximum attained was 

0.5 ± 0.1 d
-1

. This may indicate a pre-acclimation (to uptake and assimilate NO3
-
 

more efficiently during mid-exponential and depletion experiment growth, as 

nitrate is the only nitrogen source in L1 medium) in M. commoda controls and not 

in M. pusilla. M commoda has three genes that encode a high affinity nitrate 

transporter, whereas M. pusilla has one (McDonald et al., 2010). With the 

exception of M. CCMP2099, N-deplete treatments responded after two days (on 

rD2) of transferring to replete medium (Figures 2-4, 8 and 10-13). Yet, for M. 

pusilla and M. commoda EXP L1 a complete growth rate recovery was not 

observed by the termination of the refeeding experiments. This indicates a longer 

period is required for N-deplete treatments to recover. For M. CCMP2099 a slight 

increase in growth rate was observed on rD1, and likely would have continued to 

increase (but the experiment was terminated). A slow recovery of M. commoda 

RCC299 was also observed by (McDonald et al., 2010), where N-deplete 

treatments were monitored for two days after amendment (NO3
-
 added) with NO3

-
 

and NH4
+
 (at K medium concentrations) and then these same cultures (N-deplete 

treatments amended with nitrate and ammonium) were transferred to replete K 

medium and monitored for two more days. Over the two days after amendment, 

cultures showed a slight increase in cell division and only recovered completely 

after transferring to replete K medium.  To my knowledge similar experiments are 

not available for other class II prasinophytes, or prasinophytes in general. 

However, the non-marine green alga Chlamydomonas reinhardtii recovers within 

24 hours (Valledor et al., 2014). 
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     This study revealed common responses to nitrogen depletion and refeeding 

experiments with three Micromonas that come from three divergent clades. One 

major difference was that M. pusilla exhibited a pronounced increase in mean 

FALS cell
-1

, which serves as a proxy of cell size, in N-deplete treatments. This 

difference was maintained even in comparison to controls that had entered 

stationary phase. However, there were overarching similarities in the responses of 

the three species. The main commonalities observed were that nitrogen depletion 

induced a pronounced decrease in growth rate compared to controls within 1 or 2 

days, controls in replete medium entered stationary phase by day 3, and N-deplete 

treatments takes longer to show signs of recovery (based on growth rate) than 

stationary phase control cells for which the number of days since division ceased 

is less.  Unfortunately to date there has been little other experimental work on 

related picoeukaryotes, hence it is still difficult to translate these findings to how 

they might shape competition in the natural environment. With that caveat in 

mind, these results suggest that nitrate is unlikely to be a factor that supports niche 

differentiation of these clades, at least for the temperature and irradiance levels 

tested here. 
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CHAPTER 4 

 

Genome-wide analysis of the prasinophyte transcriptional responses 

to nitrogen depletion, a case study using Micromonas. 
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ABSTRACT 

 

     Marine picoeukaryotic (<2 µm cell diameter) algae in the class II prasinophyte 

have been observed in photic zone waters from low to high latitudes under a wide 

range of environmental conditions, where nitrogen is often thought to be a 

limiting factor for phytoplankton growth. However, class II prasinophyte 

responses to variations in nitrogen availability are not well understood, 

particularly at the transcriptional level. Here, two divergent Micromonas species 

(class II prasinophyte), Micromonas commoda and Micromonas pusilla, were 

used in laboratory experiments to investigate changes in growth and cellular 

parameters as well as transcriptional patterns linked to nitrogen depletion and 

recovery from this stress. For both Micromonas species, nitrogen depletion 

induced decreased growth rates compared to controls within one to two days, 

controls were no longer in exponential phase growth by day 3, and after 

transferring back to replete medium N-deplete treatments took longer to show 

signs of recovery (based on growth rate) than stationary phase controls. One major 

difference observed was the pronounced increase in mean FALS cell
-1

 (proxy of 

cell size) in M. pusilla under N-depletion. At the transcriptional level, several 

commonalities were observed, such as a major decrease in genes related to the 

photosynthetic machinery, carbon transport and metabolism, and fatty acid 

biosynthesis, whereas flagella and microtubule related genes as well as 

transcription factors (TFs) increased under nitrogen depletion. Hence, these results 

provide a set of TFs that may be related to N-depletion. The Micromonas species 

exhibited differences in the transcriptional patterns of genes related to nitrogen 
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transport and assimilation. The majority of these genes increased in M. commoda 

under N-depletion while results were more variable for homologous genes in M. 

pusilla. Distinct transcriptional patterns were observed for ammonium transporter 

(AMT) homologous in each Micromonas species. In M. pusilla, one ammonium 

transporter (AMT1.3) appears to only increase under nitrogen depletion and may 

be a good marker of nutrient status in the field. Additionally, some genes related 

to meiosis and a mating specific flagella gene increased only in M. pusilla under 

N-depletion. Finally, despite the slower recovery of growth rates in N-deplete 

treatments after transferring to replete medium, a rapid transcriptional response 

was observed. This analysis provides first insights to the effects of nitrogen 

depletion on growth, cellular parameters and whole-genome transcriptional 

responses of two divergent species within the widespread prasinophyte genus 

Micromonas. 

 

 

 

 

 

 

 

 

 

 

 

92



 

 
 

INTRODUCTION 

 

     Marine phytoplankton are responsible for nearly half of global primary 

production (Field et al., 1998). Nitrogen is an essential nutrient that can limit 

phytoplankton growth (Falkowski, 1997; Zehr and Ward, 2002; Zehr and Kudela, 

2011; Moore et al., 2013) and its availability fluctuates temporally and spatially in 

the ocean (Capone et al., 2009). Hence, phytoplankton have developed multiple 

strategies for acquiring nitrogen and for bearing with its fluctuations and scarcity. 

Understanding these diverse strategies contributes to the ongoing efforts to gain 

insights into the controls of phytoplankton growth and competition between 

different species (Stillman and Armstrong, 2015; Worden et al., 2015; Behrenfeld 

et al., 2016). 

     A number of physiological changes are known to occur in unicellular 

eukaryotic algae under nitrogen limitation. These changes include modifications 

of the photosynthetic machinery such as a reduction in pigment concentrations 

and photosynthetic efficiency (Henriksen et al., 2002; Simionato et al., 2013; 

Alipanah et al., 2015; Halsey and Jones, 2015; McKew et al., 2015) and 

adjustments in energy allocation into varying pools of carbon (e.g. decreased in 

carbon allocated into proteins and increase in carbohydrate content, (Halsey and 

Jones, 2015)). Modifications in other cellular constituents have also been 

observed, including lipids (Griffiths and Harrison, 2009; Wang et al., 2009; 

Simionato et al., 2013; Yang et al., 2013) and starch (Ral et al., 2004). Extensive 

research on the molecular mechanisms involved in these changes have been 

performed in the non-marine green alga, Chlamydomonas reinhardtii (e.g. (Miller 
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et al., 2010; Valledor et al., 2014; López García de Lomana et al., 2015; 

Goncalves et al., 2016)) and marine diatoms (e.g. (Hockin et al., 2012; Ashworth 

et al., 2013; Bender et al., 2014; Rosenwasser et al., 2014; Alipanah et al., 2015; 

Levitan et al., 2015; Matthijs et al., 2016)) which belong to a different eukaryotic 

supergroup (stramenopiles). Changes in pigment concentration and photosynthetic 

efficiency are accompanied with reduced transcripts of most genes encoding 

proteins related to photosynthesis and light harvesting antenna as well as genes 

related to pigment biosynthesis (e.g. chlorophyll and carotenoid biosynthesis) 

(Hockin et al., 2012; Yang et al., 2013; Alipanah et al., 2015; Levitan et al., 

2015). Transcriptional patterns have also been investigated during periods of lipid 

accumulation in nitrogen starved microalgae (Gargouri et al., 2015; Ngan et al., 

2015; Xue et al., 2015; Goncalves et al., 2016). These studies of transcriptional 

responses provide insights into the molecular mechanisms involved in 

physiological changes. For oceanographers they are important because they 

provide needed information for interpreting metatranscriptome data and making 

inferences from these data about potential physiological changes in plankton or 

deducing growth controls. 

     Marine picoeukaryotic (<2 µm cell diameter) green algae in the genera 

Bathycoccus, Micromonas and Ostreococcus (class II prasinophytes (Marin and 

Melkonian, 2010)) have been observed in photic zone waters from low to high 

latitudes under a wide range of marine conditions (e.g. open ocean to coastal 

environments) (Not et al., 2004; Slapeta et al., 2006; Worden, 2006; Lovejoy et 

al., 2007; Worden and Not, 2008; Shi et al., 2009; Worden et al., 2009; Demir-

Hilton et al., 2011; Massana, 2011; Shi et al., 2011; Treusch et al., 2012; Vaulot 
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et al., 2012; Kirkham et al., 2013; Simmons et al., 2015; Choi et al., 2016; Monier 

et al., 2016; Simmons et al., 2016), where nitrogen is often thought to be a 

limiting factor for phytoplankton growth. Despite their widespread distribution 

and their contributions to biomass and primary production in the 

picophytoplankton size class (Worden, 2004; Rii et al., 2016), class II 

prasinophyte responses to variations in nitrogen availability are not well 

understood, particularly at the transcriptional level. Just one study with inferences 

about the influence of nitrogen on the non-motile genus Bathycoccus has been 

published, and this was based on metatranscriptomes (Simmons et al., 2016) as 

opposed to defined culture-based studies. Four studies have been performed on a 

lagoonal species, Ostreococcus tauri (Fouilland et al., 2004; Ral et al., 2004; Le 

Bihan et al., 2011; Halsey et al., 2014), which belongs to the non-motile sister 

genus to Bathycoccus. The growth of a more widespread Ostreococcus, O. 

lucimarinus CCE9901, has been investigated in response to different N-sources 

(Worden, 2004). Finally, responses to nitrogen deprivation and steady-state 

nitrogen limitation have been examined in Micromonas, a motile and slightly 

larger taxon (Cochlan and Harrison, 1991a; McDonald et al., 2010; Halsey et al., 

2014). Out of all these studies only two (McDonald et al., 2010; Le Bihan et al., 

2011) used molecular approaches (qPCR in one and shotgun proteomics in the 

other) to elucidate changes in biological processes underlying nitrogen limitation, 

one on Micromonas and one on Ostreococcus.      

     The genus Micromonas is the most diverse of the three class II 

picoprasinophyte genera and forms 7 phylogenetically distinct clades (Simmons et 

al., 2015). Whole genome sequencing of two Micromonas isolates, M. commoda 
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(RCC299) and M. pusilla (CCMP1545) (Worden et al., 2009; van Baren et al., 

2016), from two highly diverged clades (clade A and clade D (Simmons et al., 

2015)), shows that these isolates share at most 81% of their proteins (orthologs 

based on reciprocal best blastp, e-value cutoff of ≤10
-5

) or as few as 64% based on 

analyses using OrthoMCL (van Baren et al., 2016). This considerable 

diversification presumably corresponds to individual adaptive strategies that are 

not yet understood.  

     In this study, M. commoda and M. pusilla were used in laboratory experiments 

to investigate changes in growth and cellular parameters as well as transcriptional 

patterns linked to nitrogen depletion and recovery from this stress. Micromonas 

cells acclimated to replete conditions and maintained in mid-exponential growth 

were shifted to either N-deplete medium (treatment, no nitrogen amendment) or to 

replete medium (control). We also investigated the control cultures after they 

entered stationary phase, and cells from the N-deplete treatments in refeeding 

experiments (after transferring back to replete medium). Nitrogen depletion 

induced decreased growth rates compared to controls within one to two days. 

Controls of both species were no longer in exponential phase growth by day 3. 

During the refeeding experiments, N-deplete treatments took longer to show signs 

of recovery (based on growth rate) than stationary phase controls. One major 

difference observed was the pronounced increase in mean FALS cell
-1

 (proxy of 

cell size) in M. pusilla under N-depletion. At the transcriptional level, several 

commonalities were observed. For both Micromonas species, a large number of 

genes show significant changes in transcript abundance under nitrogen depletion 

but not necessarily in the control cultures that entered stationary phase. In N-
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deplete treatments (relative to control), a major decrease in genes related to the 

photosynthetic machinery, carbon transport and metabolism, and fatty acid 

biosynthesis was detected, whereas flagella and microtubule related genes as well 

as transcription factors increased under nitrogen depletion. The Micromonas 

species exhibited differences in the transcriptional patterns of genes related to 

nitrogen transport and assimilation at the time points investigated. The majority of 

these genes increased in M. commoda under N-depletion while results were more 

variable for homologous genes in M. pusilla. Distinct transcriptional patterns were 

observed for ammonium transporter (AMT) homologous in each Micromonas 

species. In M. pusilla, comparison with RNA-seq from a diel study (Duanmu et 

al., 2014) in replete conditions confirmed that one ammonium transporter, 

AMT1.3, appears to only increase under nitrogen depletion and may be a good 

marker of nutrient status in the field. Whereas another ammonium transporter 

(AMT1.1), the closest homolog of AMT1.3, showed high relative transcript 

abundance over the diel cell cycle and did not show differential transcript 

abundance in N-deplete treatments. In M. commoda, the AMT phylogenetically 

more closely related to M. pusilla AMT1.1 and AMT1.3 is AMT1.1. M. commoda 

AMT1.1 increased under nitrogen depletion. Additionally, some genes related to 

meiosis and a mating specific flagella gene increased only in M. pusilla under N-

depletion relative to controls. Finally, despite the slower recovery of growth rates 

in N-deplete treatments after transferring to replete medium, a rapid 

transcriptional response was observed. This analysis provides first insights to the 

effects of nitrogen depletion on growth, cellular parameters and whole-genome 
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transcriptional responses of two divergent species within the widespread 

prasinophyte genus Micromonas. 

 

MATERIALS AND METHODS 

 

     Cultures. 

     Axenic cultures of M. pusilla (CCMP1545) and M. commoda (RCC299) were 

studied. Axenicity was tested using DAPI staining and epifluorescence 

microscopy (Porter and Feig, 1980) at several timepoints, and inoculation into an 

organic rich test medium (5 g peptone and 10 g malt in 1 L of seawater, 

Biosciences) at the beginning and end of each experiment. Polystyrene, vented 

tissue culture flasks (Corning) were used for all culturing. 

 

     Depletion experiments and set up. 

     The two strains were grown under a 14h:10h light:dark cycle prior to and 

during experiments. Cells were acclimated and maintained in mid-exponential 

growth for at least ten generations before experiment initiation (acclimated phase). 

Cells were then centrifuged for 12 min at 8,000 x g, the supernatant was discarded 

and the pellet re-suspended in replete medium (Control) or medium in which the 

nitrogen amendment was omitted (N-deplete treatment). Controls and treatments 

were performed in biological triplicates at volumes of 420 ml (M. pusilla) and 800 

ml (M. commoda). 
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     The two sets of depletion experiments performed involved different media. The 

experiment with M. pusilla used L1 medium (minus Si (Guillard and Hargraves, 

1993) and each of the three strains was examined. L1 medium contains 882 µM 

NaNO3 as the sole nitrogen source. L1 medium was prepared with a natural sea 

water base collected at 33.29°N, -129.43°E (NO3
-
 < 0.1 µM and NH4

+
 < detection 

limit, detection limit 10 nM). M. pusilla was grown at 18°C and 200 μmol photons 

m
-2

 s
-1

 photosynthetically active radiation (PAR). M. commoda was grown at 21°C 

and 180 μmol photons m
-2

 s
-1

 PAR. M. commoda experiments were performed in 

iKeller medium minus Si (K-medium) (Keller et al., 1987) with an artificial sea 

water base. K-medium contains 882 µM NaNO3 and 50 µM NH4Cl as nitrogen 

sources. 

     There are also other variations between the two medium types used, such as 

phosphate supplied as 36 µM NaH2PO4 - H2O (L1 medium) versus 100 µM Na2 β-

glycerophosphate-6 H2O (K medium). During the depletion experiments, cells 

were monitored for 4 days (from experiment initiation day 0 to day 4). 

 

     Refeeding experiments. 

     At the end of each depletion experiment (day 4), cells from controls (which 

had entered stationary phase) and the N-deplete treatments were transferred to 

replete medium and monitored for two days. For M. pusilla cells were transferred 

to L1-medium in biological duplicate. For M. commoda cells were transferred to 

K-medium in biological triplicates. 
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     Diel cycle experiment. 

     RNAseq analysis was performed on a 24 hours diel cycle experiment 

performed with M. pusilla, previously published in (Duanmu et al., 2014). In 

brief, M. pusilla cultures were grown at 220 μmol photons m
-2

 s
-1

 PAR in L1 

medium with a natural sea water base (seawater collected from 36.75°N, -

122.03°E, in Monterey Bay, USA). The average growth rate of M. pusilla cultures 

was 0.55 ± 0.12 d-1 (leading up to (10 generations acclimated mid-exponential 

growth) and during the diel sampling period). Cells from biological triplicates 

were monitored for 24 hours (4 time points) (Table S4.1). 

 

     Cell monitoring and growth rate calculations. 

     Cells were monitored 4 hours (M. pusilla) and 3 hours (M. commoda) into the 

light period during both the acclimation period and over the course of each 

experiment. Live cells were enumerated by flow cytometry (FCM) using either an 

Accuri C6 (Becton Dickinson) or an EPICS (Coulter Corp). Additional FCM 

samples were collected at each time point and preserved with glutaraldehyde 

(0.25% final concentration, Electron Microscopy Sciences) for 20 min at room 

temperature in the dark and flash frozen in liquid nitrogen. These samples were 

later analyzed on an Influx flow cytometer (Becton Dickinson) using FALS, red 

autofluorescence from chlorophyll (692 ± 40 nm band pass filter), and green 

fluorescence (531 ± 40 nm band pass filter), the latter was used for selection of 

beads only. Data collection was triggered on FALS. Fluoresbrite YG 0.75 µm and 

Polychromatic Red 2.0 µm diameter polystyrene beads (Polysciences Inc., 

Warrington, PA, USA) were added for normalization of red fluorescence and 
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FALS. Listmodes were analyzed using WinList 7.0 (Verity Software House, 

Topsham, ME, USA). 

     Note that values of cell abundance on day 0 (D0) at the start of the depletion 

experiment, correspond to cell ml
-1

 after spinning, whereas mean FALS on day 0 

(D0) correspond to the values calculated from acclimated mid-exponential cells, 

because the mean FALS after spinning was the only sample recorded about 8 

hours after lights on, when cells may experience changes in cell size due to 

physiological changes over their cell cycle A progressive increase in mean FALS 

during the light period of Micromonas cell cycle was shown on M. pusilla 

(Duanmu et al., 2014) and Micromonas sp. CCMP489 (clade A) (DuRand et al., 

2002). Growth rates on day 0 (D0) correspond to the mean (and standard 

deviation) calculated from the growth rates of the ten generations of acclimated 

cells in mid-exponential growth. 

     Growth rate (µ) over time was calculated as: 

 

µ = [ LN (xf / xi) ] / t 

 

     Where: 

     xi = initial cell abundance, xf = final cell abundance, t = time (in this case per 1 

day). 
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     RNA harvesting, extraction and quantification. 

     Ninety to 100 ml of M. pusilla and M. commoda cells were harvested at time 

points for which RNA was collected. Cells were filtered onto a 47 mm Supor filter 

(Pall Scientific, Port Washington NY, USA), which was then flash frozen and 

subsequently move to -80°C for longer term storage. RNA extraction were 

performed using the TotallyRNA kit (Life Technologies, Grand Island NY, USA) 

with an additional first step, where approximately 200 μl of a 1:1 mixture (by 

volume) of 0.1 mm and 0.5 mm diameter autoclaved glass beads (Biospec 

Products, Bartlesville OK, USA) were added with 1 ml lysis buffer to the frozen 

filter and bead beat for 2 min, as previously described in (Duanmu et al., 2014). 

RNA quality was assessed on a bioanalyzer (Agilent, Santa Clara CA, USA). 

RNA was quantified on a Qubit 2.0 fluorometer (Life Technologies). 

 

     Transcriptome sequencing. 

     PolyA selected RNA was isolated from 5 µg total RNA by two rounds of 

isolation and fragmented in fragments that range from 200-300 nt as previously 

reported (Duanmu et al., 2014; van Baren et al., 2016). Purification and reverse 

transcription of fragmented RNA and subsequent purification and amplification of 

cDNA fragments were performed as previously described in (Duanmu et al., 

2014; van Baren et al., 2016). Paired-end sequencing (150 bp each read) was 

performed in Illumina HiSeq platform at the JGI (Joint Genome Institute, Walnut 

Creek, CA, USA). Sequencing for M. commoda was strand-specific. 

     For M. pusilla, 10 samples were sequenced over the depletion experiment and 

refeeding phase. Six samples sequenced from the depletion experiment phase 
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(biological duplicates of controls and N-deplete treatments on D1, and biological 

duplicates of stationary phase controls on D4). Four samples were sequenced from 

the refeeding phase (biological duplicates of stationary phase controls and N-

deplete treatments on day 1 after refed (rD1)) (Table S4.1). Total reads sequenced 

per sample ranged from 23 x 10
6
 to 72 x 10

6
, with a mean and standard deviation 

of 55 ± 17 x 10
6
 total reads sequenced across all samples (Table S4.2). Over the 

diel experiment with M. pusilla (Duanmu et al., 2014; van Baren et al., 2016) a 

total of 12 samples were sequenced representing 4 time points, three time points 

over the light period and one time point during the dark period (biological 

triplicates on each time point). These samples corresponded to +7 h (afternoon 

T1), +11 h (evening T2), -3 h (night T3) and 0 h (morning T4) relative to lights 

on. Total reads sequenced per sample ranged from 15 x 10
6
 to 73 x 10

6
, with a 

mean and standard deviation of 46 ± 17 x 10
6
 reads sequenced per sample (Table 

S4.3). 

     For M. commoda, 22 samples were sequenced.  A total of 18 samples 

sequenced from the depletion experiment phase (biological triplicates of controls 

and N-deplete treatments on D1, biological duplicates of controls and N-deplete 

treatments on D2, and biological duplicates of stationary phase controls and N-

deplete treatments on D3 and D4). Four samples were sequenced from the 

refeeding phase (biological duplicates of stationary phase controls on day 1 after 

refed (rD1) and biological duplicates of N-deplete treatments on day 2 after refed 

(rD2)) (Table S4.1). Total reads sequenced per sample ranged from 62 x 10
6
 to 87 

x 10
6
, with a mean and standard deviation of 78 ± 6 x 10

6
 reads sequenced per 

sample (Table S4.4). 
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     Transcript abundance estimates. 

     Paired-end reads were aligned to the genomes of M. pusilla (CCMP1545 

genome build v3) and M. commoda (RCC299 genome build v3) (Worden et al., 

2009) using TopHat version 1.4.0 (Trapnell et al., 2009). Relative transcript 

abundances for each protein encoding gene were estimated using Cufflinks 

version 2.2.1 (Trapnell et al., 2012). For M. pusilla, a total of 9829 protein 

encoding genes were used (out of 9895 in (van Baren et al., 2016), 66 of which 

were modeled after this analysis and have limited evidence) in the alignment with 

TopHat and Cufflinks analysis. For M. commoda, the 10307 protein encoding 

genes in (van Baren et al., 2016) were used. 

     Relative transcript abundance was calculated as FPKM (fragments per kilobase 

of exon per million reads mapped) with the following equation: 

     FPKM = [(number of fragments mapped to transcript) / [(length of transcript in 

kilo base)*(per library (sample) total number of fragments sequenced)]]*10
9
 

     For all experiments, FPKM values per experiment were normalized using the 

geometric library normalization method available in Cuffnorm program in 

Cufflinks version 2.2.1 (Trapnell et al., 2012). In the geometric library 

normalization method, FPKM values are scaled using the median of the mean 

(geometric) across all libraries, as described in (Anders and Huber, 2010). This 

normalization was performed for each Micromonas species and per experiment 

(Table S4.2-S4.4). Note that in (Duanmu et al., 2014) the FPKM values for the 

diel cycle experiment with M. pusilla were normalized using upper-quartile 

normalization across libraries (samples). Here, we used geometric normalization 

methods for the depletion and refeeding experiments as well as a reanalysis of the 
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diel experiment data from (Duanmu et al., 2014). Additionally, protein encoding 

genes with FPKM ≤ 2 across all samples (per experiment) were discarded for 

subsequent analyses. This filtering resulted in 9594 and 9930 genes analyzed for 

M. pusilla and M. commoda, respectively. For the diel cycle experiment with M. 

pusilla, this filtering resulted in 9470 genes. 

 

     RNA-seq analysis using functional annotations. 

     For each Micromonas species, the model sets (van Baren et al., 2016) and 

functional annotations are available at the JGI (Joint Genome Institute, Walnut 

Creek, CA, USA) genome browser 

(http://genome.jgi.doe.gov/Micromonas_pusilla/ and 

http://genome.jgi.doe.gov/Micromonas_commoda/). Models were constructed as 

in  (van Baren et al., 2016) and automated annotations were made using the JGI 

annotation pipeline (Kuo et al., 2014). In addition 1321 (M. pusilla) and 1396 (M. 

commoda) predicted proteins were annotated manually, using the methodology 

described in (Worden et al., 2009). For each Micromonas species, the proteins that 

were manually annotated were also assigned to corresponding biochemical 

pathway (as appropriate). Because, only 13% (M. pusilla) and 14% (M. commoda) 

have manually curated annotations, KOG (Eukaryotic Orthologous Groups of 

proteins) (Koonin et al., 2004) annotations were also utilized here. 

 

     Differential transcription and cluster analysis. 

     Differences in relative transcript abundance between samples (pairwise 

comparisons) were calculated using Cuffdiff program in Cufflinks version 2.2.1 
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(Trapnell et al., 2012). Cuffdiff uses the delta method (to estimate the fragment 

abundance variance between samples (cross-biological-replicate variability) and 

tests for significance using a t-test (Trapnell et al., 2012). In each pairwise 

comparison and subsequent analyses, higher relative transcript abundance 

(FPKM) was considered significant only if a gene showed a log2 (fold change) ≥ 1 

and q-value ≤ 0.05 (i.e., the false discovery rate (FDR) adjusted p-value). 

Whereas, lower relative transcript abundance was considered significant only if a 

gene showed a log2 (fold change) ≤ -1 and q-value ≤ 0.05 relative to the 

comparator. 

     In addition, cluster analyses and visualization (e.g. heat maps) of transcript 

abundance profiles were performed using Bioconductor (Gentleman et al., 2004) 

in the R: A language and environment for statistical computing (Team, 2014). For 

each experiment, transcripts were clustered based on Z-scores (Cheadle et al., 

2003) (using the mean FPKM value from the biological replicates at each time 

point) (Table S4.5-S4.7). For Z-score calculations, a pseudo count (+1) was added 

to the FPKM value before log2 transformations. The Z-score was computed as: 

 

Z-score (x) = [xi – xm] / σ 

 

     Where, xi is log2 (FPKM + 1) of gene x at a given time point/sample (i), and xm 

is the average and σ the standard deviation of log2 (FPKM + 1) of gene x across 

all timepoints/samples. Finally, Pearson correlation distance matrices and 

complete linkage hierarchical cluster analysis was performed on the Z-scored 

transformed data. 
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RESULTS 

 

     In this chapter results are described first for M. pusilla, then for M. commoda 

and then a comparison is performed. It is anticipated that the M. pusilla results 

will be published as its own manuscript, followed by a second manuscript on M. 

commoda and the comparison. 

 

     M. pusilla - The growth rate of M. pusilla during the 10 generations of 

acclimated mid-exponential growth, leading up to experimental manipulation of 

nitrogen availability, was 0.4 ± 0.1 d
-1

 (Figure 4.1). Average cell concentrations of 

replete controls and nitrogen-deplete treatments were similar at the start of the 

experiment (day 0, D0) (Figure 4.2a). The biological triplicates for controls 

exhibited consistent patterns across time, as did the biological triplicate treatment 

cultures. Controls continued to grow for two days after the start of the nitrogen 

depletion experiment. On day 2 (D2), control growth rates were the same as during 

the 10 generation acclimated phase (on D1 they were lower, 0.3 ± 0.0 d
-1

, which 

has been observed previously for M. pusilla after centrifugation). Controls entered 

stationary phase on day 3 (D3) (Figure 4.1 and 4.2a) and the cellular abundance in 

controls on day 4 (D4) when the experiment was terminated was 31 ± 2 x 10
6
 cells 

ml
-1

, 2.2 times the initial cell concentration (Figure 4.2a). N-deplete treatments 

exhibited no growth by D1 and cell abundance was not statistically different (p > 

0.05) from day to day in this treatment throughout the experiment. Thus, across all 

days the mean abundance in the N-deplete treatments was 13 ± 1 x 10
6
 cells ml

-1
 

(Figures 4.1 and 4.2a). Mean FALS cell
-1

 of M. pusilla N-deplete treatments 
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ranged from 156 ± 1 to 317 ± 6 throughout the course of the depletion experiment. 

When compared to D0, FALS of N-deplete cells showed significant increases (p < 

0.001) of 1.6-fold on D1 and up to 2.0-fold on D4. Mean FALS cell
-1 

of controls 

also changed significantly (p < 0.001) over the course of the experiment, ranging 

from 149 ± 1 to 170 ± 1. Within time point comparisons showed that mean FALS 

cell
-1

 of M. pusilla cells in the N-deplete treatment changed more than the controls 

during the experiment, such that their FALS was significantly (p < 0.001) higher 

than for control cells from D1 onwards, with a maximum of 1.9-fold on D2 as well 

as on D3 and D4 (Figure 4.2b). 

     At the end of the depletion experiment (D4), controls and N-deplete treatments 

were transferred to replete L1 medium for a refeeding experiment. Average cell 

concentration after transferring to replete medium differed between controls and 

N-deplete treatments in part because they depended on cell concentrations at the 

termination of the depletion experiment. 

     Cell division was re-established in controls 24 hours after refeeding (rD1; 0.3 ± 

0.0 d
-1

) and was 0.4 ± 0.1 d
-1

 on refeeding day 2 (rD2). Hence, controls growth 

rates by day 2 of the refeeding phase were not significantly different to those 

during the 10 generations of replete growth prior to the experiment. The growth 

rate of refed N-deplete cells did not increase until rD2 (Figure 4.1; 0.3 ± 0.0 d
-1

). 

Growth rate of N-deplete treatments on rD2 was significantly (p < 0.05) lower 

then growth rates during 10 generations of acclimated phase. By rD2, 11% of N-

deplete cells had divided (Figures 4.1) while in the refed controls all cells had 

divided once or more. By rD2, mean FALS cell
-1

 (317 ± 6) of the N-deplete 
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cultures decreased significantly (p < 0.001) relative to the controls and T0 of 

refeeding. 

 

 

 

Figure 4.1. Mean and standard deviation of daily (D) growth rates of Micromonas 

pusilla (CCMP1545) during 10 generations of acclimated phase (D0) and 

throughout the nitrogen depletion experiment and refeeding phase for controls and 

N-deplete treatments. Black triangle indicates when biological triplicates were 

spun to remove from replete medium and then resuspended in replete L1 medium 

(Controls) and in N-deplete L1 medium (N-deplete treatments). For refeeding 

phase, biological duplicates were transferred on *D4. Arrows indicate the times 

points with whole-genome transcriptional responses analysis. 
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Figure 4.2. Mean and standard deviation of cell parameters of Micromonas 

pusilla (CCMP1545) throughout the nitrogen depletion experiment. (a) Cell 

abundance. (b) Changes in bead normalized mean FALS (forward angle light 

scatter; a proxy of cell size). (c) Total RNA per cell (in biological triplicates). 

Black triangle indicates when biological triplicates were spun to remove from 

replete medium and then resuspended in replete L1 medium (Controls) and in N-

deplete L1 medium (N-deplete treatments). For refeeding phase, biological 

duplicates were transferred to replete L1 medium on *D4. Arrows indicate the 

times points with whole-genome transcriptional responses analysis. 

 

     The total RNA per cell in controls and N-deplete treatments was examined. 

These values ranged from 13 ± 1 to 5 ± 1 fg of total RNA cell
-1

 from D1 to D4. For 

N-deplete treatments it ranged from 12 ± 2 to 3 ± 0 fg of total RNA cell
-1

 from 

day 1 to day 4. On D1, total RNA cell
-1

 of controls and N-deplete treatments was 

significantly (p < 0.001) higher than on D2 or on D4, by approximately 3-fold 
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(Figure 4.2c; day 3 measurements are not available). Additionally, total RNA cell
-

1
 was 1.7-fold higher in controls than in treatments on D4; however total RNA 

cell
-1

 was not significantly different between controls and treatments in all time 

points (Figure 4.2c). It should be noted that these values do not necessarily reflect 

variations in mRNA levels, which are known to be a 1-5 % of total RNA based on 

studies of other organisms (Fang et al., 2003; Marinov et al., 2014). 

     The genome-wide transcriptional responses of M. pusilla were analyzed for 

biological duplicates at two time points that represented distinct physiological 

stages of the depletion experiment. These were the controls (Cnt_D1) and N-

deplete treatments (-N_D1) on D1, and the controls (stationary phase) on D4 

(StnCnt_D4). In addition, the controls and N-deplete treatments on rD1 of the 

refeeding experiment were analyzed (refed controls on rD1 or Cnt_refedD1 and 

refed N-deplete treatments on rD1 or –N_refedD1, respectively) (arrows in Figure 

4.1 and 4.2, table S4.1).  

     The maximum relative transcript abundance across all samples was 18,404 

(14.2 in log2 (FPKM + 1)). The distribution of log2 (FPKM + 1) values (including 

FPKM < 2) shows a consistent median (median range from 5.2 to 5.3), with an 

average of log2 (FPKM + 1) of 5.2 ± 1.6 across all samples (Figure S4.1). The 

majority of genes (95%) had FPKM values between 5 and 500, and most genes 

(61%) had FPKM values between 5 and 50. Less than 2% of the genes had FPKM 

values above 500 and less than 3% of the genes had FPKM values below 5 

(Figure S4.2). From this point onwards the phrase ‘higher relative transcript 

abundance’, ‘increased’ or ‘up’ refer to a gene or group of genes that show 

significantly higher FPKM values with q-value < 0.05 (q-value, p-value false 
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discovery rate corrected (FDR)) and a log2 (fold change) ≥ 1. If the phrase or 

words; ‘lower relative transcript abundance’, ‘decreased’ or ‘down’ are used, they 

refer to a gene or group of genes that show significantly lower FPKM values with 

q-value < 0.05 and a log2 (fold change) ≤ -1. Further, methods to target protein 

encoding genes of the nuclear genome were used, hence only such genes are 

analyzed. 

     The top 30 genes with highest transcript abundances in exponential phase M. 

pusilla cells (Cnt_D1) primarily encoded photosynthesis and light harvesting 

chlorophyll a/b binding proteins or proteins of unknown function (Table S4.9, 

FPKM values between 1,800 and 15,000). In addition, the ammonium transporter 

AMT1.1, the nitrate transporter accessory protein (NAR2), a gene encoding for 

tubulin alpha chain (TUBA2), and the heat shock transcription factor (HSF.4) were 

within this highly expressed group. Under N-depletion (-N_D1), the most highly 

transcribed genes (Table S4.10, top 30 genes with FPKM between 1,700 and 

16,000) were three genes related to photosynthesis, AMT1.1, NAR2, TUBA2 and 

HSF.4. All of these were also within the top 30 in controls D1. In addition, another 

ammonium transporter AMT1.3, a light harvesting complex - stress/early light 

induced related gene and five genes that appear to be structural constituents of the 

ribosome were within the top 30 most highly transcribed genes in N-deplete 

treatments. 

     Distinct patterns in transcript abundance were evident across all samples 

(Figure 4.3). These patterns were further explored by pair-wise comparison 

focusing primarily on genes with differential transcript abundance between the 

controls and N-deplete treatments on D1 (Figure 4.4).  
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Figure 4.3. Micromonas pusilla transcriptional patterns over the depletion and 

refeeding experiments based on Z-scores (with colors levels indicating z-score 

normalized transcript levels). Relative increase (red) and decrease (blue) from log 

transformed transcript levels (mean of biological duplicates) is shown for 9829 

genes for samples from different Days (D) for controls (Cnt), and N-deplete 

treatments (-N). rD1 samples correspond to controls and N-deplete treatments after 

refeeding. 
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Figure 4.4. Micromonas pusilla transcriptional patterns over the depletion and 

refeeding experiments based on Z-scores (with colors levels indicating z-score 

normalized transcript levels). Relative increase (red) and decrease (blue) from log 

transformed transcript levels (mean of biological duplicates) is shown for (a) the 

1511 genes significantly (q < 0.05) up (log2 (fold change) > 1) and (b) the 1420 

genes significantly down (log2 (fold change) > -1) in N-deplete treatments on D1 

relative to control on D1. Z-score for each of these genes is shown for samples 

from different Days (D) for controls (Cnt), and N-deplete treatments (-N). rD1 

samples correspond to controls and N-deplete treatments after refeeding. 
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     Based on the pairwise comparison between controls and N-deplete treatments 

on D1 (Figure 4.4), 70% of protein encoding genes showed no changes, and 1511 

(15% of all genes) and 1420 genes (15% of all genes) showed higher (up) and 

lower (down) relative transcript abundance in N-deplete treatments, respectively. 

These 30% of genes (total of 2931 genes) are defined as genes with differential 

transcript abundance in N-deplete treatments (Table S4.2 and S4.5, Figure 4.4-

4.7). The majority (72%) of the genes up in N-deplete treatments showed log2 

(fold change) values between 1 and 2 corresponding to a 2 and 4-fold change, 

respectively. The majority (68%) of the genes with lower transcript abundance in 

N-deplete treatments, showed log2 (fold change) values between -1 and -2. Note 

that from this point onwards values referring to fold change correspond to log2 

(fold change). In total, 83 ± 11% of protein encoding genes showed no changes 

over the course of the experiments. 

     To explore major cellular processes that are differentially transcribed in N-

deplete treatments, KOG (Eukaryotic Orthologous Groups of proteins) (Koonin et 

al., 2004) class functional annotations were used (Figure 4.5 and Table S4.7) as 

well as manual annotations and pathway classifications (Figure 4.6a and Table 

S4.8). The total number of genes assigned to each KOG class and pathway were 

calculated for the whole genome as well as those that met the criteria for RNA-seq 

analysis (i.e., after genes with FPKM < 2 across all samples were discarded), as 

well as the subset of genes with differential transcript abundance in N-deplete 

treatments relative to controls at D1. Of those analyzed by RNA-seq, 68% 

belonged to at least one of 23 KOG classes and 13% had a ‘pathway’ assignment. 

There were 55 possible pathway assignments and this number includes 32 that are 
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transcription factors subcategories. A KOG class and pathway was considered 

‘increased’ under N-depletion when increased transcript abundance was for at 

least twice the number of genes as those that were decreased. For example: within 

the genes analyzed by RNA-seq, the KOG class ‘Cytoskeleton’ was assigned 412 

times. And within the subset of genes with differential transcript abundance in the 

N-deplete treatment relative to the control, this KOG class was assigned 152 

times; 113 times in genes up and 39 times in genes down in N-deplete treatment. 

Thus, the KOG class ‘Cytoskeleton’ was assigned almost 3 times more in the 

subset of genes up in N-deplete treatments. Hence, it was concluded there was an 

increase in KOG class ‘Cytoskeleton’ under N-depletion. Each KOG class and 

pathway was considered ‘decreased’ in N-deplete treatments when being enriched 

in the subset of genes down, by at least twice or more times compared to the 

number of genes up (Figure 4.5 and 4.6a, and Table S4.7 and S4.8). 

     Five KOG classes: ‘Cytoskeleton’, ‘Extracellular structures’, ‘Chromatin 

structure and dynamics’, ‘Replication, recombination and repair’, and ‘Cell cycle 

control, cell division, chromosome partitioning’, increased in N-deplete 

treatments, and three KOG classes; ‘Amino acid transport and metabolism’, 

‘Nucleotide transport and metabolism’, and ‘Secondary metabolites biosynthesis, 

transport and catabolism’ decreased in N-deplete treatments (Figure 4.5). Eleven 

pathways (including transcription factors (TFs) subcategories) increased in N-

deplete treatments; ‘flagella/microtubule related’, ‘light harvesting stress/early 

light induced’, ‘meiosis’, ‘peptidoglycan pathway’, and 7 TFs subcategories; 

‘homeodomain’, ‘bZIP’, ‘GATA’, HMG box’, ‘MYB domain’, MYB-SHAQYF’ 

and ‘response regulator’, and eight pathways decreased in N-deplete treatments; 
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‘carbon transport and metabolism’, ‘carotenoid biosynthesis’, ‘CAZYme’, 

‘chlorophyll biosynthesis’, ‘fatty acid biosynthesis’, ‘light harvesting major/minor 

chlorophyll binding proteins’, ‘photosynthesis’, and ‘selenoproteins’ (Figure 

4.6a). 

 

 

Figure 4.5. Distributions within KOG class functional annotations for proteins 

encoded in the Micromonas pusilla (CCMP1545) genome. The number of times a 

KOG class was assigned is shown for the entire model set (for the complete 

genome) and for genes where the RNA-seq data met analysis criteria (see 

methods). Hence, for the “RNA-seq’ column only those genes for which 

significantly higher (log2 (fold change) > 1; red) or lower transcript abundance 

(log2 (fold change) > -1; blue) were observed in N-deplete treatments relative to 

controls on D1. Only those with q-value < 0.05 were considered.  
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Figure 4.6. Responses of Micromonas pusilla to N-depletion. (a) Distributions of 

manually annotated pathways for proteins encoded in the Micromonas pusilla 

(CCMP1545) genome. The number of genes assigned to a pathway is shown for 

the entire model set (for the complete genome) and for genes where the RNA-seq 

data met analysis criteria (see methods). Hence, for the “RNA-seq’ column only 

those genes for which significantly higher abundance (log2 (fold change) > 1; red) 

or lower transcript abundance (log2 (fold change) > -1; blue) were observed in N-

deplete treatments relative to controls on D1. Only those with q-value < 0.05 were 

considered. Pairwise comparisons of relative transcript abundance of N-deplete 

treatments on D1 relative to controls on D1 (log2 (fold change)) plotted against (b) 

the log2 (fold change) from the pairwise comparison between controls (stationary 

phase) on D4 and controls on D1, and against (c) the log2 (fold change) from the 

pairwise comparison between refed N-deplete treatments on rD1 and N-deplete 

treatments on D1. All genes unchanged (gray), and significantly up (log2 (fold 

change) > 1; red) and down (log2 (fold change) > -1; blue) are shown for the 

pairwise comparison between N-deplete treatments on D1 and controls on D1. 

 

     Genes within these pathways that exhibited differential transcript abundance 

under N-depletion compared to controls at D1, were further investigated by 

analyzing changes at other time points and refeeding (Table S4.5, Figures 4.4, 
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4.6b and 4.6c). Overall, 69% of the genes with increased transcript abundance 

under N-depletion at D1 did not exhibit significant changes in stationary phase 

controls on D4, while 29% increased (as in the D1 N-deplete treatments) and 2% 

decreased. Of the genes with lower transcript abundance under N-depletion (D1), 

only 12% decreased in the stationary phase controls on D4, 80% showed no 

change and 8% increased relative to the D1 control (Table S4.5 and Figures 4.4a, 

4.6b). Furthermore, even though growth rates of N-deplete cells did not fully 

recovered in the refeeding experiment (-N_refedD1, Figure 4.1a), 60% of the 

genes categorized as ‘up’ in N-deplete treatments had decreased in the Refed N-

deplete to similar FPKM levels as the controls on D1. Another 12% also decreased 

in Refed N-deplete treatments, but did not recover to the same FPKM levels as the 

controls on D1. Moreover, 76% of the genes with lower relative transcript 

abundance in N-deplete treatments increased again to similar FPKM levels as 

observed in D1 controls, and 20% did not exhibit significant changes after 

refeeding (Figures 4.4b, 4.6c). 

     A detailed analysis of the transcriptional patterns across all other samples was 

performed for genes in pathways that increased and decreased in N-deplete 

treatments. The transcriptional patterns in other samples were evaluated by 

comparing to the relative transcript abundance in D1 controls (Figures S4.3b – 

S4.5b).  Genes manually annotated as  related to the photosynthetic machinery 

were divided into five pathways, ‘carotenoid biosynthesis’, ‘chlorophyll 

biosynthesis’, ‘light harvesting major/minor chlorophyll binding proteins’, ‘light 

harvesting stress/early light induced’, and ‘photosynthesis’. The 129 genes in 

these five pathways, met the criteria for RNA-seq analysis. The pathway ‘light 
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harvesting stress/early light induced’ is comprised of light harvesting-like (LIL) 

genes associated to photoprotection and stress responses (Neilson and Durnford, 

2009, 2010). This gene set increased in N-deplete treatments, whereas all the other 

pathways related to the photosynthetic machinery decreased (Table S4.5 and S4.8, 

Figure 4.6a and S4.3). Nine of the ‘light harvesting stress/early light induced’ 

related genes showed changes under N-depletion; six (CBR/ELIP2, CBR/ELIP3, 

CBR/ELIP4, CBR/ELIP5, CBR/ELIP6, LI818R.1) increased and three (FAS-ELIP, 

HLIP and LIL3) decreased relative to controls at D1. For the six genes up, the log2 

(fold change) ranged from 3-5. For the three genes down the log2 (fold change) 

was between -1 and -2. Three of these genes (CRB/ELIP2, CRB/ELIP4 and 

CRB/ELIP5) were within the genes with highest fold increased observed in N-

deplete treatments (Table S4.5, S4.8 and S4.9, and Figure S4.3a) relative to 

controls on D1. CBR/ELIP5 and CBR/ELIP6, which increased under N-depletion, 

decreased by 1 and 2-fold, respectively, in D4 (stationary phase) controls. In the 

refeeding experiment CBR/ELIP6 in Cnt_refedD1, recovered to levels in the 

controls at D1 and CBR/ELIP5 also began to increase, but not fully. In N-deplete 

treatments transferred to replete medium (-N_refedD1) of the six genes up in N-

deplete treatments, two (CBR/ELIP3 and LI818R.1) decreased back to FPKM 

levels in controls at D1, two (CBR/ELIP4 and CBR/ELIP6) decreased considerably 

but FPKM remained up by 1-fold compared to controls, and two (CBR/ELIP2 and 

CBR/ELIP5) decreased to lower FPKM values than controls. The LIL genes that 

decreased under N-depletion relative to controls at D1 did not exhibit significant 

changes in other samples and, after transferring to replete medium (-N_refedD1), 

FPKM values increased back to those in controls at D1 (Table S4.5 and S4.8, and 
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Figure S4.3b). The 35 genes related to photosynthesis (Worden et al., 2009) 

include genes encoding proteins of the photosystem I subunits (PSA), genes 

encoding proteins of the photosystem II related proteins (PSB), genes related to 

cytochrome b6/f complex and ferrodoxin (PET), as well as genes encoding ATP 

synthase related to photosynthesis (ATP). Note that other genes belonging to these 

categories are present on the chloroplast genome and were not analyzed here. 

These 35 genes all had RNA-seq coverage. Twenty one of these genes showed 

differential transcript abundance in N-deplete treatments; 20 (PSBR, ATPD, 

PSAN, PETF3, PETH, PETF2, PSBQ, PSBP, PSBO, PETF1, PSBW2, PSBX, 

PETC, ATPC, PSBY, PSBM, PETM, PETE, PETN, PSBW1) showed decreased 

abundance and one (PSBS) increased. For the 20 genes down, the log2 (fold 

change) ranged from -1 to -5, and for the gene up, the log2 (fold change) was 2. 

The magnitude of decrease of five of the genes down (PETE, PETM, PETN, 

PSBM and PSBW1) was high (with log2 (fold change) below -3) (Table S4.5 and 

S4.8, and Figure S4.3a). The majority of the genes related to photosynthesis only 

changed in N-deplete treatments, with the exception of PSBWI that increased by 

1-fold in controls (stationary phase) on D4. In addition, after transferring to replete 

medium (–N_refedD1) the FPKM value of all the photosynthesis genes up and 

down in N-deplete treatments, increased back to levels shown in replete controls 

on D1. PETF4 did not change in any sample except in –N_refedD1, where it shows 

a 1-fold increase relative to controls at D1 (Table S4.5 and S4.8, and Figure 

S4.3b). For genes related to chlorophyll biosynthesis, 21 genes (out of 43 

(Worden et al., 2009)) show differential transcript abundance in N-deplete 

treatments, 18 (CHL27, CHLD1, CHLG, CHLH2, CHLI1, CHLM, DVR, FLP, 
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HEMC, HEMD, HEME2, HEME3, HEME4, HEMF2, HEMG, HEML, NOL, 

PORB) were down and 3 (HEMH, PPH and PUBS) were up. For the 18 genes 

down, the log2 (fold change) ranged from -1 to -4. For the three genes up, the log2 

(fold change) was between 1 and 2. For two of the genes (CHLG and DVR) down, 

the magnitude of decrease was high (with log2 (fold change) below -3) (Figure 

S4.3a). Most of the genes up and down did not change in the other samples (i.e. 

FPKM in controls (stationary phase) on D4 relative to FPKM in controls at D1). 

Moreover, in the refeeding experiment their FPKM values increased so that they 

reached the same levels as observed in controls on D1 (or in the case of CHLD1, 

CHLM and DVR not fully recovered as they remained up by 1-fold relative to 

controls at D1). The only exception was PUBS, which was higher in all other 

samples too. Moreover, of the 22 genes that did not show significant changes in 

the N-deplete treatment relative to controls at D1, UPM1 showed decreased 

abundance in all other samples (relative to controls at D1) and PORA increased by 

3-fold only in Refed N-deplete treatments on rD1 (Figure S4.3b). The 16 genes 

present in the M. pusilla genome that encode light harvesting major/minor 

chlorophyll binding proteins of the light harvesting complex (LHC) antenna 

system all met RNA-seq analysis criteria (Neilson and Durnford, 2010). Eight of 

these, LHCP2.1, LHCP2.3, LHCP2.2, LHCP2.4, LHCP2.5, LHCP4, LHCB5, 

LHCQ, showed decreased abundance in N-deplete treatments relative to controls 

at D1. The log2 (fold change) of these genes ranged from -1 to -3, with LHCP2.5 

showing the highest decreased (-3 log2 (fold change)) (Table S4.8 and Figure 

S4.3a). Only two of these (LHCP2.4 and LHCP2.4) decreased in controls 

(stationary phase) on D4 relative to controls at D1 (by 1-fold; Table S4.8 and 
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Figure S4.3b). The 22 genes related to carotenoid biosynthesis also met analysis 

criteria. Nine genes showed differential transcript abundance in N-deplete 

treatments relative to controls at D1, eight (CMK, CMS, CYP97A, CYP97C, DXR, 

GGR, PDS, VDE) of these genes decreased under N-depletion and one (PSY2) 

increased by 1-fold. For the eight genes down, the log2 (fold change) ranged from 

-1 to -5. The magnitude of decrease of four of the genes down (PDS, CYP97A, 

CMS and CMK) was high (with log2 (fold change) below -3) (Table S4.5 and S4.8, 

and Figure S4.3a). All of these genes only changed in N-deplete treatments, and 

after transferring to replete medium (Refed N-deplete treatments on rD1) FPKM 

increased to the same levels as in controls on D1 (Table S4.5 and S4.8, and Figure 

S4.3b). Two genes related to photosynthetic machinery that did not change (PETD 

and PSAK) and two of the genes down (LHCP2.1 and PETF3) in N-deplete 

treatments relative to controls on D1, were within the top 30 genes with highest 

FPKM values in N-deplete treatments. Yet, one of the genes up under N-depletion 

(LI818R.1) was within the top 30 genes in N-deplete treatments and not in the top 

30 of controls on D1 (Table S4.10). 

     All the genes (20 in total) associated with carbon transport and metabolism 

pathway in the genome (Worden et al., 2009) met analysis criteria. Nine genes 

showed differential transcript abundance in N-deplete treatments relative to 

controls at D1, six genes (AE_1, ALPHA-CA, DASS, MDH, NADP-ME_2, NADP-

ME_4) were down and two genes (PEPC and PPDK_1) were up. For the six 

genes down, the log2 (fold change) ranged from -1 to -2. The two genes up, 

increased by 2-fold (Table S4.5 and S4.8, and Figure S4.4a). The majority of 

genes that did not show differential transcript abundance in N-deplete treatments 
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relative to controls at D1, also did not change across all other samples. After 

transferring to replete medium (Refed N-deplete treatments on rD1) the majority 

of genes up and down in N-deplete treatments showed FPKM values back to 

similar levels shown in replete controls on D1, with the exception of ALPHA-CA 

that remained down by 1-fold relative to replete controls, and PPDK_1 that 

decreased after transferring to replete medium but to a lower FPKM value 

compared to replete controls (1-fold decrease relative to control). In controls 

(stationary phase) on D4, PPDK_1 also increased (by 2-fold relative to controls at 

D1), and ALPHA-CA showed and opposite pattern with a 1-fold increased 

compared to controls at D1. After transferring controls (stationary phase) on D4 to 

replete medium (Cnt_refedD1),  both genes (PPDK_1 and ALPHA-CA) show 

FPKM values back to similar levels shown in controls on D1 (Table S5 and S8, 

and Figure S4b). One of the genes up under N-depletion (PPDK,1) was within the 

top 30 genes in N-deplete treatments and not in the top 30 of controls on D1 

(Table S4.10). 

     The complete set of proteins needed for peptidoglycan biosynthesis is present 

in M. pusilla (van Baren et al., 2016). Transcript abundance for the majority of 

these genes did not change across samples. Only two genes (MURA and MURG) 

were up by 1-fold in N-deplete treatments relative to controls at D1. MURA did 

not change across the other samples and after transferring to replete medium (-

N_refedD1) FPKM decreased back to levels shown in controls at D1. MURG was 

up by 1-fold in all other samples too (Table S4.5 and S4.8, and Figure S4.4a and 

b). 
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     The 10 genes involved in fatty acid biosynthesis in the genome met analysis 

criteria. The majority of these genes (8 genes) showed differential transcript 

abundance in N-deplete treatments relative to controls at D1, six genes (ACC, 

ACP, ACP, FABD, FABH and FABZ) were down and two genes (ACPT and 

FACL) were up. For the six genes down, the log2 (fold change) ranged from -1 to -

5. The two genes up increased by 2-fold. For most of the genes (ACP, FABD, 

FABH and FABZ) down, the magnitude of decrease was high (with log2 (fold 

change) below -3) (Figure S4.4a). The majority of these genes did not change 

across all other samples and after transferring to replete medium (-N_refedD1) 

these genes reached FPKM levels shown in controls at D1. The exceptions were 

FACL that also increased by 2-fold in controls (stationary phase) on D4, and FABZ 

showing and opposite pattern with a 1-fold increase in controls (stationary phase) 

on D4 relative to controls at D1 (Table S4.5 and S4.8, and Figure S4.4b). 

     The 35 genes involved in nitrogen acquisition and metabolism include genes 

encoding ammonium (AMT), nitrite (FNT) and nitrate (NRT and NAR accessory 

proteins) transporters, nitrite and nitrate reductases (NII and NIA, respectively). 

They also include genes encoding proteins involved in ammonium assimilation 

into organic nitrogen molecules (glutamate synthase (GSN), glutamine synthase 

(GLN), aspartate aminotransferase (ASP), asparagine synthase (ASN), molybdate 

transporter (MOT) and molybdenum cofactor (CNX)) (Worden et al., 2009; 

McDonald et al., 2010). No clear transcriptional patterns of these genes were 

observed as the majority of genes (22 out of 35) did not change in N-deplete 

treatments relative to controls at D1, and a similar number of genes were up and 

down. Seven genes (AMT1.3, AMT2.1, ASN4, CNX1E, CNX7, CNX2 and GLNA) 
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were up and five genes (AMT2.2, ASN3, ASP2, CNX3, CNX6) were down. For the 

seven genes up, the log2 (fold change) ranged from 1 to 3. For the five genes 

down, the log2 (fold change) ranged from -1 to -2 (Table S4.5 and S4.8, and 

Figure S4.4a). In controls (stationary phase) on D4, GLNA also increased, whereas 

AMT2.1 (Chloroplast targeted (McDonald et al., 2010)) and CNX2 showed an 

opposite pattern decreasing by 2-fold relative to controls at D1. Most of the genes 

down in N-deplete treatments did not change across all the other samples, with the 

exception of AMT2.2 that increased by 1-fold in controls (stationary phase) on D4. 

After transferring N-deplete treatments to replete medium (-N_refedD1) most of 

the genes down in N-deplete treatments increased back to levels shown in controls 

on D1 (AMT2.2 did not fully recovered as it remained up by 1-fold relative to 

controls at D1). Three of the genes up (GLNA, CNX1E and ASN4) in N-deplete 

treatments decreased after transferring N-deplete treatments to replete medium (-

N_refedD1) back to levels shown in controls on D1, and four of the genes up 

(AMT1.3, AMT2.1, CNX7 and CNX2) decreased up to 4-fold lower than controls 

on D1. Eight of the genes (AMT1.1, FNT, NII, NIA1, NIA2, NRT2, NAR2 and 

GLNN2) that did not show differential transcript abundance in N-deplete 

treatments relative to controls at D1, decreased by up to 6-fold in controls 

(stationary phase) on D4 and increased back to controls FPKM levels after 

transferring to replete medium (Cnt_refedD1). All of these genes (down in 

controls (stationary phase) on D4 but not in N-deplete treatments on D1) also 

showed decreased transcript abundance in the Refed N-deplete treatment on rD1 

relative to the D1 control (Table S4.5 and S4.8, and Figure S4.4b). AMT1.1 did not 

show differential transcript abundance in N-deplete treatments relative to controls 
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at D1, but was still within the top 30 genes with highest FPKM in N-deplete 

treatments on D1 (Figure 4.7b). Yet, AMT1.3 was within the top 30 genes in N-

deplete treatments but not in the top 30 within controls on D1 (Table S4.10 and 

Figure 4.7b). 

     M. pusilla genes related to flagella or microtubule (112 genes) includes genes 

encoding alpha and beta tubulin (TUB), genes involved in intraflagellar transport 

(IFT genes and kinesin related genes FLA, KAP and KLP), genes encoding 

proteins of the outer dynein arm (ODA), the inner dynein arm (DHC, IDA and 

BOP), radial spoke proteins (RSP) and basal body (BBS) (Worden et al., 2009). 

The relative transcript abundance of the majority (around 80%) of genes related to 

flagella and microtubules assembly did not changed across all samples. Twenty 

genes showed differential transcript abundance in N-deplete treatments relative to 

controls at D1, 15 genes (ACT, BBS3, BBS7, CDHC1B, CPKG1, EB1, FA1P, 

IFT140, IFT172, KATN/PF15-like, ODA-DC2, PKD2, SFA, TUBA1, UNI3, 

VFL3) were up and 5 genes (FAK, IFT122, IFT72/74, PRO1/SST7) were down. 

For the 15 genes up, the log2 (fold change) ranged from 1 to 3. For the 5 genes 

down, the log2 (fold change) ranged from -1 to -2 (Table S4.5 and S4.8, and 

Figure S4.5a). All genes up (except ODA-DC2) did not change across all other 

samples and after transferring to replete medium (-N_refedD1) decreased back to 

levels shown in controls on D1. ODA-DC2 also increased by 1-fold in controls 

(stationary phase) on D4. 

     Genomic evidence suggest that M. pusilla might be able to sexually 

differentiate in gametes and undergo sexual reproduction (Worden et al., 2009). 

Genes related to meiosis are key for sexual reproduction. Of the 27 meiosis genes 

127



 

 
 

in the genome, 25 met analysis criteria. Ten genes (HOP2, MND1, MRE11, 

MSH5, RAD50, RAD51A, RAD51C, RAD54, SPO11-2/TOP6A, XRCC2) increased 

in N-deplete treatments by log2 (fold change) ranging from 1 to 2 (Table S4.5 and 

S4.8, and Figure S4.5a) relative to controls at D1. Two of these genes (MSH5 and 

SPO11-2/TOP6A) also increased by 1-fold in controls (stationary phase) on D4. 

After transferring to replete medium (-N_refedD1) 6 genes decreased back to 

FPKM levels shown in controls on D1, and 4 genes (MND1, MSH5, RAD50 and 

SPO11-2/TOP6A) remained up. DMC1 only increased by 4-fold in refed N-

deplete treatments on rD1 (Table S4.5 and S4.8, and Figure S4.5b). 

     Of the 65 TF families found in land plants, M. pusilla has TFs within 43 

families (Worden et al., 2009). In a recent reannotation of this genome 209 genes 

were annotated as transcription factors and classified in 32 distinct categories (van 

Baren et al., 2016). Genes that did not fall in a specific category were classified as 

‘other TFs’. Within the MYB-domain TFs, MYB-SHAQYF TFs were classified 

as a separate category. Seven of these categories were higher in N-deplete 

treatments. Within the homeodomain TFs, eight genes did not show differential 

transcript abundance in N-deplete treatments relative to controls at D1 and 5 genes 

(GSP1, HBplus3, KNOX, OCP3 and WOX.5) increased by up to 2-fold (Table 

S4.5 and S4.8, and Figure S4.5a). After transferring to replete medium (-

N_refedD1), two of these genes decreased back to FPKM levels shown in controls 

on D1, and two genes (GSP1 and KNOX) remained up (WOX.5 also remained up, 

but FPKM was not significantly different to FPKM of controls on D1). One of the 

genes that did not show differential transcript abundance in N-deplete treatments 

relative to controls at D1 did increase by 2-fold in the stationary phase control on 
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D4 and by 3-fold in Refed N-deplete treatments on refedD1 (Table S4.5 and S4.8, 

and Figure S4.5b). Seven bZIP TFs did not change in N-deplete treatments and six 

(bZIP.1 (protein 855), bZIP.4, bZIP.5, bZIP.6 and bZIP.11) were up by up to 5-

fold (Table S5 and S8, and Figure S5a). bZIP.1 (protein 855), was within the 

genes with highest fold increase observed in N-deplete treatments relative to 

controls on D1. After transferring to replete medium (-N_refedD1), four of these 

genes decreased back to FPKM levels shown in controls on D1 (bZIP.11 also 

decreased, but to FPKM values were 3-fold lower than controls on D1). bZIP.1 

(protein 855) decreased from a 5-fold increase in N-deplete treatments to a 1-fold 

increase in -N_refedD1 relative to controls on D1. In -N_refedD1, bZIP.9 increased 

by 1-fold. In controls (stationary phase) on D4, bZIP.1 (protein 1480) and bZIP.7 

increased by 4-fold and 2-fold, respectively. After transferring to replete medium 

(Cnt_refedD1) bZIP.7 decreased back to FPKM levels shown in controls on D1 

and bZIP.1 (protein 1480) also decreased but did not fully recovered as it 

remained up by 1-fold relative to controls at D1 (Table S4.5 and S4.8, Figures 4.7b 

and S4.5b). Seven GATA domain TFs did not change in N-deplete treatments and 

four (GATA.1, GATA.6, GATA.7 and GATA.8) were up in N-deplete treatments by 

up to 2-fold (Table S5 and S8, and Figure S5a). Three of these genes (GATA.1, 

GATA.6 and GATA.8) also increased by 1-fold in controls (stationary phase) on 

D4. After transferring to replete medium (-N_refedD1) three of these genes 

decreased back to FPKM levels shown in controls on D1 (GATA.8 decreased but 

up to 1-fold lower than controls), and GATA.1 remained up. Of the genes that did 

not show differential transcript abundance in N-deplete treatments relative to 

controls at D1, GATA.9 increased by 2-fold in controls (stationary phase) on D4 
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and after transferring to replete medium (Cnt_refedD1) FPKM value decreased 

back to levels shown in controls on D1. In refed N-deplete treatments on rD1, 

GATA.5 and GATA.9 increased by 5 and 3-fold, respectively (Table S4.5 and S4.8, 

and Figure S4.5b). Half of the HMG box related TFs did not change in N-deplete 

treatments and the other half (HMG.3, HMG.5 and HMG.6) were up in N-deplete 

treatments by up to 2-fold (Table S4.5 and S4.8, and Figure S4.5a) relative to 

controls on D1. After transferring to replete medium (-N_refedD1) all of the genes 

up in N-deplete treatments decreased back to FPKM levels shown in controls on 

D1. In controls (stationary phase) on D4, three genes (HMG.1, HMG.2 and 

HMG.5) decreased by 1-fold relative to controls on D1 and after transferring to 

replete medium (Cnt_refedD1) FPKM increased back to levels shown in controls 

on D1 (Table S4.5 and S4.8, and Figure S4.5b). The majority (19 genes) of MYB-

domain TFs did not show differential transcript abundance in N-deplete treatments 

relative to controls at D1, six genes (MYB.2, MYB.3, MYB.5, MYB.14, MYB.15, 

MYB.24) were up by up to 2-fold, and one gene (MYB.21) decreased by 1-fold 

(Table S4.5 and S4.8, and Figure S4.5a) relative to controls on D1. After 

transferring to replete medium (-N_refedD1) all of the genes up (except MYB.15) 

and down in N-deplete treatments reached FPKM levels shown in controls on D1. 

MYB.15 did not fully recover as it remained up by 1-fold relative to controls at D1. 

In controls (stationary phase) on D4, MYB.2 decreased by 2-fold (Table S4.5 and 

S4.8, and Figure S4.5b). Five MYB-SHAQYF domain TFs (SHAQYF.1, 

SHAQYF.2, SHAQYF.3, SHAQYF.4 and SHAQYF.6) were up by up to 3-fold and 

one gene (SHAQYF.7) was down by 3-fold in N-deplete treatments (Table S4.5 

and S4.8, and Figure S4.5a) relative to controls on D1. All of the genes up in N-
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deplete treatments were also up controls (stationary phase) on D4 and after 

transferring to replete medium (Cnt_refedD1) FPKM increased back to levels 

shown in controls on D1. After transferring N-deplete treatments to replete 

medium (-N_refedD1), SHAQYF.1, SHAQYF.2 and SHAQYF.7 reached FPKM 

levels shown in controls on D1. The other three genes (SHAQYF.3, SHAQYF.4 and 

SHAQYF.6) did not fully recover as they remained up relative to controls on D1 by 

2, 1 and 1-fold, respectively (Table S4.5 and S4.8, and Figure S4.5b). Under N-

depletion five response regulators TFs (ARR.2, ARR.4, ARR.7, ARR.11 and 

ARR.13) increased by up to 2-fold and two genes (ARR.5 and ARR.9) decreased by 

up to 3-fold (Table S4.5 and S4.8, and Figure S4.5a) relative to controls on D1. 

Four genes (ARR.2, ARR.7, ARR.8 and ARR.13) also increased in controls 

(stationary phase) on D4 and after transferring to replete medium (Cnt_refedD1) 

their relative transcript abundance decreased back to levels shown in controls on 

D1. After transferring N-deplete treatments to replete medium (-N_refedD1) three 

of the genes up in N-deplete treatments decreased back to FPKM levels shown in 

controls on D1. ARR.7 did not fully recover as it remained up by 1-fold relative to 

controls at D1. ARR.11 also decreased in -N_refedD1, but FPKM was 2-fold lower 

than controls on D1 (Table S4.5 and S4.8, and Figure S4.5b). The most highly 

transcribed (16,000 FPKM) gene in N-deplete treatments (up under N-depletion 

by 3-fold) was a heat shock transcription factor (HSF.4) (not in any of the TFs 

categories described above) (Figure 4.7b). 
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Figure 4.7. (a) For all genes unchanged (gray), significantly (q < 0.05) up (log2 

(fold change) > 1; red) and down (log2 (fold change) > -1; blue) in N-deplete 

treatments on D1 relative to controls on D1, the log2 (fold change) was plotted as a 

function of the –log10 transformed q-value for the pairwise comparisons of relative 

transcript abundance in N-deplete treatments on D1 relative to controls on D1, in 

controls (stationary phase) on D4 relative to controls on D1, and in refed N-deplete 

treatments on rD1 relative to N-deplete treatments on D1. (b) Relative transcript 

abundance (FPKM) of two ammonium transporters (AMT1.1 and AMT1.3), and 

three transcription factors (bZIP.1 (protein 855), bZIP.3 and HSF.4). FPKM is 

shown for samples over the nitrogen depletion and refeeding experiment, as well 

as over the diel cell cycle experiment. Controls on D1 (Replete controls), controls 

on D4 (Stationary controls), N-deplete treatments on D1 (N-deplete) and refed N-

deplete on rD1 (Refed N-deplete). For diel cell cycle time points; T1 (Afternoon), 

T2 (Evening), T3 (Night) and T4 (Morning). 
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     M. commoda – The growth rates during the 10 generations of acclimated mid-

exponential growth leading up to the experimental manipulation of nitrogen 

availability was 0.8 ± 0.1 d
-1

 (Figure 4.8). Average cell concentrations of replete 

controls and nitrogen-deplete treatments were similar at the start of the experiment 

(day 0, D0) (Figure 4.9a). The biological triplicates for controls exhibited 

consistent patterns across time, as did the biological triplicate treatment cultures. 

Controls continued to grow for two days, with significantly (p < 0.001) lower 

rates compared to the growth rate during 10 generations of acclimated phase. 

Lower growth rates with subsequent recovery have been observed previously for 

cultures that have undergone centrifugation. Controls entered stationary phase on 

day 3 (D3) (Figure 4.8 and 4.9a) and the cellular abundance in controls on day 4 

(D4), when the experiment was terminated, was 34 ± 3 x 10
6
 ml

-1
, 3.2 times the 

initial cell concentration (Figure 4.9a). N-deplete treatments exhibited growth on 

D1, but at a lower rate (p < 0.001) than during the 10 generations in the pre-

experiment acclimated phase (Figure 4.8). N-deplete treatments growth rates on 

D2, D3 and D4 were significantly lower (p < 0.05) than those of controls at the 

same time point or in the pre-experiment acclimated phase. Mean FALS cell
-1 

of 

M. commoda N-deplete treatments ranged from 121 ± 4 to 144 ± 2 throughout the 

course of the depletion experiment, with significantly (p < 0.05) higher mean 

FALS cell
-1

 on D1 and D2 compared to D0. Likewise, mean FALS cell
-1

 of controls 

ranged from 123 ± 2 to 141 ± 3, such that D1 FALS cell
-1 

was significantly (p < 

0.001) higher (Figure 4.9b). Nevertheless, within time point comparisons showed 

that on D2, mean FALS cell
-1 

in the N-deplete treatment was 1.1-fold higher than 
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controls, a very slight (albeit significant, p < 0.001)  change relative to those 

observed in M. pusilla.  

     At the end of the depletion experiment, controls and N-deplete treatments were 

transferred to replete K medium for a refeeding experiment. Average cell 

concentration after transferring to replete medium differed between controls and 

N-deplete treatments in part because they depended on cell concentrations at the 

termination of the depletion experiment. Cell division was re-established in 

controls 24 hours after refeeding (rD1; to 0.7 ± 0.1 d
-1

). Controls growth rates by 

day 1 (rD1) of the refeeding phase were not significantly different to those during 

the pre-experiment 10 generations of replete growth and decreased significantly (p 

< 0.001) by day 2 (rD2) of the refeeding phase to 0.4 ± 0.1 d
-1

. In contrast, N-

deplete cells did not increase until rD2 (1.1 ± 0.1 d
-1

) (Figures 4.8). 
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Figure 4.8. Mean and standard deviation of daily (D) growth rates of Micromonas 

commoda (RCC299) during 10 generations of acclimated phase (D0) and 

throughout the nitrogen depletion experiment and refeeding phase for controls and 

N-deplete treatments. Refeeding phase (rD1 and rD2) after transferring controls 

and N-deplete treatments to replete K-medium. Black triangle indicates when 

biological triplicates were spun to remove from replete medium and then 

resuspended in replete K medium (Controls) and in N-deplete K medium (N-

deplete treatments). For refeeding phase, biological duplicates were transferred to 

replete K medium on *D4. Arrows indicate the times points with whole-genome 

transcriptional responses analysis. 

 

 

135



 

 
 

 

Figure 4.9. Mean and standard deviation of cell parameters of Micromonas 

commoda (RCC299), throughout the nitrogen depletion experiment. (a) Cell 

abundance. (b) Changes in bead normalized mean FALS (forward angle light 

scatter; a proxy of cell size). (c) Total RNA per cell (in biological triplicates). 

Black triangle indicates when biological triplicates were spun to remove from 

replete medium and then resuspended in replete K medium (Controls) and in N-

deplete K medium (N-deplete treatments). For refeeding phase, biological 

triplicates were transferred to replete K medium on *D4. Arrows indicate the times 

points with whole-genome transcriptional responses analysis. 

 

     Total RNA per cell in controls and N-deplete treatments were examined. These 

values ranged from 14 ± 1 to 7 ± 0 fg of total RNA cell
-1

 in controls from D1 to 

D4. For N-deplete treatments it ranged from 4 ± 0 to 3 ± 0 fg of total RNA cell
-1

 

from D1 to D4. Total RNA cell
-1

 of controls decreased significantly (p < 0.001) as 

cells entered stationary phase (D3 and D4). For N-deplete treatments total RNA 

136



 

 
 

cell
-1

 was significantly (p < 0.001) higher on D1 (6 ± 0 fg of total RNA cell
-1

) than 

at other time points. At each time point, total RNA cell
-1

 in controls was 

significantly (p < 0.001) higher to N-deplete treatments, by up to e.g. 3.3-fold on 

D2 (Figure 4.9c). As noted for M. pusilla, these values do not necessarily reflect 

variations in mRNA levels, which are known to be a 1-5 % of total RNA based on 

studies of other organisms (Fang et al., 2003; Marinov et al., 2014). 

     The genome-wide transcriptional responses of M. commoda were analyzed for 

biological duplicates at four time points that represented distinct physiological 

stages of the depletion experiment. These were the controls (Cnt_D1) and N-

deplete treatments (-N_D1) on D1 (in biological triplicates), the controls (Cnt_D2) 

and N-deplete treatments (-N_D2) on D2, the controls (stationary phase) 

(StnCnt_D3) and N-deplete treatments (-N_D3) on D3, and the controls (stationary 

phase) (StnCnt_D4) and the N-deplete treatments (-N_D4) on D4 (in biological 

duplicates). In addition, the controls and N-deplete treatments on rD1 and rD2 of 

the refeeding experiment respectively, were analyzed (Refed controls on rD1 or 

Cnt_refedD1 and Refed N-deplete treatments on rD2 or –N_refedD2, respectively) 

(arrows in Figure 4.8 and 4.9, table S4.1).  

     The maximum FPKM value detected across all samples, was 27,226 (14.7 in 

log2 (FPKM + 1)). The distribution of log2 (FPKM + 1) values (including FPKM < 

2) shows a consistent median (median range from 4.3 to 4.5), with an average of 

log2 (FPKM + 1) of 4.6 ± 2.2 across all samples (Figure S4.6). The majority of 

genes (97%) had FPKM values between 5 and 500, and most genes (70%) had 

FPKM values between 5 and 50. Less than 3% of the genes had FPKM values 

above 500 and less than 10% of the genes had FPKM values below 5 (Figure 
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S4.2). From this point onwards the phrase ‘higher relative transcript abundance’, 

‘increased’ or ‘up’ refer to a gene or group of genes that show significantly higher 

FPKM values with q-value < 0.05 (q-value, p-value false discovery rate corrected 

(FDR)) and a log2 (fold change) ≥ 1. If the phrase or words; ‘lower relative 

transcript abundance’, ‘decreased’ or ‘down’ are used, they refer to a gene or 

group of genes that show significantly lower FPKM values with q-value < 0.05 

and a log2 (fold change) ≤ -1. Further, methods to target protein encoding genes of 

the nuclear genome were used, hence only such genes are analyzed. 

     The most highly transcribed genes in exponential phase M. commoda cells 

(Cnt_D1) primarily encoded photosynthesis and light harvesting chlorophyll a/b 

binding proteins or proteins of unknown function (Table S4.14, top 30 genes with 

FPKM values between 2,300 and 17,000). In addition, the genes encoding for a 

glyceraldehyde 3-phosphate dehydrogenasethe (GAPDH), an alpha-amylase 

(AMYA3), and a beta tubulin protein (TUBB) were within this highly expressed 

group. Under N-depletion (-N_D2), the most highly transcribed genes (Table 

S4.15, top 30 genes with FPKM with the highest values between 1,700 and 

16,000) were two genes (ATPG and PSBR) related to photosynthesis. PSBR was 

also within the top 30 in Cnt_D1. In addition, the genes encoding for an 

ammonium transporter AMT1.1, a nitrite transporter (FNT), a Light harvesting 

complex - stress/early light induced related gene (LI818R), an alpha tubulin chain 

protein (TUBA1) and a MYB-domain transcription factor (MYB.19), and proteins 

with unknown function were within the highly transcribed genes in N-deplete 

treatments. 
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     Distinct patterns in transcript abundance were evident across all samples 

(Figure 4.10). These patterns were further explored by pair-wise comparison 

focusing primarily on genes with differential transcript abundance between the 

controls on D1 (Cnt_D1) and N-deplete treatments on D2 (-N_D2) (Figure 4.10).  

 

Figure 4.10. Micromonas commoda transcriptional patterns over the depletion 

and refeeding experiments based on Z-scores (with colors levels indicating z-score 

normalized transcript levels). Relative increase (red) and decrease (blue) from log 

transformed transcript levels (mean of biological duplicates) is shown for 10307 

genes for samples from different Days (D) for controls (Cnt), and N-deplete 

treatments (-N). rD samples correspond to controls and N-deplete treatments after 

refeeding. 
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Figure 4.11. Micromonas commoda transcriptional patterns over the depletion 

and refeeding experiments based on Z-scores (with colors levels indicating z-score 

normalized transcript levels). Relative increase (red) and decrease (blue) from log 

transformed transcript levels (mean of biological duplicates) is shown for (a) the 

1848 genes significantly (q < 0.05) up (log2 (fold change) > 1) and (b) the 1739 

genes significantly down (log2 (fold change) > -1) in N-deplete treatments on D1 

relative to control on D1. Z-score for each of these genes is shown for samples 

from different Days (D) for controls (Cnt), and N-deplete treatments (-N). rD 

samples correspond to controls and N-deplete treatments after refeeding. 
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     Based on the pairwise comparison between the controls on D1 (Cnt_D1) and N-

deplete treatments on D2 (-N_D2) (Figure 4.10), 64% of all protein encoding genes 

showed no changes, and 1848 (19% of all genes) and 1739 genes (18% of all 

genes) showed higher and lower relative transcript abundance in N-deplete 

treatments, respectively (a total of 3587 genes, or 37% of those modeled in the 

genome, defined here as genes with differential transcript abundance in N-deplete 

treatments) (Table S4.11, Figure 4.10-4.14). The majority (82%) of the genes up 

in N-deplete treatments, showed log2 (fold change) values between 1 and 2 

corresponding to a 2 and 4 fold change, respectively. The majority (83%) of the 

genes with lower transcript abundance in N-deplete treatments, showed log2 (fold 

change) values between -1 and -2. Note that from this point onwards values 

referring to fold change correspond to log2 (fold change).  In total, 75 ± 13% of 

protein encoding genes showed no change over the course of the experiments. 

     To explore which major cellular processes are differentially transcribed in N-

deplete treatments, KOG (Eukaryotic Orthologous Groups of proteins) (Koonin et 

al., 2004) class functional annotations were used (Figure 4.12 and Table S4.12), 

as well as manual annotations and pathway classifications (Figure 4.13a and Table 

S4.13). The total number of genes assigned to each KOG class and pathway were 

calculated for the whole genome as well as those that met the criteria for RNA-seq 

analysis (i.e., after genes with FPKM < 2 across all samples were discarded), as 

well as the subset of genes with differential transcript abundance in N-deplete 

treatments relative to controls at D2. Of those analyzed by RNA-seq, 53% 

belonged to at least one of 23 KOG classes, and 14% had a ‘pathway’ assignment. 

There were 56 possible pathway assignments and this number includes 33 that are 
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transcription factors subcategories. A KOG class and pathway was considered 

’increased’ under  N-depletion when increased transcript abundance was for at 

least twice the number of genes as those that were decreased. For example: within 

the genes analyzed by RNA-seq, the KOG class ‘RNA processing and 

modification’ was assigned 463 times. And within the subset with differential 

transcript abundance in the N-deplete treatment on D2 relative to the controls on 

D1, this KOG class was assigned 187 times; 127 times in genes up and 60 times in 

genes down in N-deplete treatments. Thus, the KOG class ‘RNA processing and 

modification’ was assigned 2 times more in the subset of genes up in N-deplete 

treatments. Therefore, it was concluded as an increase in KOG class ‘RNA 

processing and modification’. Each KOG class and pathway was considered 

‘decreased’ in N-deplete treatments when being enriched in the subset of genes 

down, by at least twice or more times compared to the number of genes up (Figure 

4.12 and 4.13a, and Table S4.12 and S4.13). 

     Three KOG classes; ‘Nuclear structure’, ‘RNA processing and modification’, 

and ‘Translation, ribosomal structure and biogenesis’ increased in N-deplete 

treatments (-N_D2), and two KOG classes; ‘Coenzyme transport and metabolism’ 

and ‘Lipid transport and metabolism’ decreased in N-deplete treatments (-N_D2) 

(Figure 4.12). Nine pathways (including transcription factors (TFs) subcategories) 

increased in N-deplete treatments (-N_D2); ‘core cell cycle’, ‘flagella/microtubule 

related’, ‘light harvesting stress/early light induced’, ‘nitrogen acquisition and 

metabolism’ and 5 TFs subcategories; ‘Homeodomain’, ‘RWP-RK domain’, 

‘AP2-like’, ‘bZIP’, ‘MYB domain’, and seven pathways decreased in N-deplete 

treatments (-N_D2); ‘carbon transport and metabolism’, ‘carotenoid biosynthesis’, 
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‘chlorophyll biosynthesis’, ‘fatty acid biosynthesis’, ‘light harvesting major/minor 

chlorophyll binding proteins’, ‘photorespiration/Reactive oxygen species (ROS)’, 

and ‘photosynthesis’ (Figure 4.13a). Note that genes encoding hydroxyproline-

rich glycoproteins (HRGPs) also increased, but were not analyzed because many 

genes show FPKM values < 2 in controls on D1 and/or in N-deplete treatments on 

D2.  Further analyses of the cellular processes differentially transcribed under N-

depletion, focused primarily on these pathways. 

 

Figure 4.12. Distributions within KOG class functional annotations for proteins 

encoded in the Micromonas commoda (RCC299) genome. The number of times a 

KOG class was assigned is shown for the entire model set (for the complete 

genome) and for genes where the RNA-seq data met analysis criteria (see 

methods). Hence, for the “RNA-seq’ column only those genes for which 

significantly higher abundance (log2 (fold change) > 1; red) or lower transcript 

abundance (log2 (fold change) > -1; blue) were observed in N-deplete treatments 

on D2 relative to controls on D1. Only those with q-value < 0.05 were considered. 
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Figure 4.13. Responses of Micromonas commoda to N-depletion. (a) 

Distributions of manually annotated pathways for proteins encoded in the 

Micromonas commoda (RCC299) genome. The number of genes assigned to a 

pathway is shown for the entire model set (for the complete genome) and for 

genes where the RNA-seq data met analysis criteria (see methods). Hence, for the 

“RNA-seq’ column only those genes for which significantly higher abundance 

(log2 (fold change) > 1; red) or lower transcript abundance (log2 (fold change) > -

1; blue) were observed in N-deplete treatments on D2 relative to controls on D1. 

Only those with q-value < 0.05 were considered. Pairwise comparisons of relative 

transcript abundance of N-deplete treatments on D2 relative to controls on D1 (log2 

(fold change)) plotted against (b) the log2 (fold change) from the pairwise 

comparison between controls (stationary phase) on D4 and controls on D1, and 

against (c) the log2 (fold change) from the pairwise comparison between refed N-

deplete treatments on rD1 and N-deplete treatments on D2. All genes unchanged 

(gray), and significantly up (log2 (fold change) > 1; red) and down (log2 (fold 

change) > -1; blue) are shown for the pairwise comparison between N-deplete 

treatments on D2 and controls on D1. 
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     Genes within the pathways that exhibited differential transcript abundance 

under N-depletion (-N_D2) compared to controls at D1, were investigated further 

by analyzing changes at other time points and refeeding (Table S4.11, Figures 

4.11, 4.13b, 4.13c, 4.14b and 4.14c). Overall, 66% of the genes with increased 

transcript abundance under N-depletion at D2 did not exhibit significant changes 

in controls (stationary phase) on D4, while 26% increased (as in the D2 N-deplete 

treatments) and 8% decreased. Of the genes with lower transcript abundance 

under N-depletion (D2), only 22% also decreased in controls (stationary phase) on 

D4, 71% showed no change and 7% increased (Table S4.11 and Figures 4.11, 

4.13b and 4.14b). Furthermore, even though growth rates of N-deplete cells did 

not fully recovered in the refeeding experiment (-N_refedD2, Figure 4.8a), 83% of 

the genes categorized as ‘up’ in N-deplete treatments (-N_D2) had decreased in 

the Refed N-deplete (-N_refedD2) to similar FPKM levels as the controls on D1. 

Another 4% also decreased in Refed N-deplete treatments, but did not recover to 

the same FPKM levels as the controls on D1. Moreover, 81% of the genes with 

lower relative transcript abundance in N-deplete treatments increased back to 

similar FPKM levels as observed in D1 controls, and 16% did not exhibit 

significant changes after refeeding (Figure 4.13b and 4.14c). 

     A detailed analysis of the transcriptional patterns across all other samples was 

performed for genes in pathways that increased and decreased in N-deplete 

treatments. The transcriptional patterns across all other samples were evaluated by 

comparing to the relative transcript abundance in D1 controls (Figures S4.7b – 

S4.9b). 
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Figure 4.14. For all genes unchanged (gray), significantly (q < 0.05) up (log2 (fold 

change) > 1; red) and down (log2 (fold change) > -1; blue) in N-deplete treatments 

on D2 relative to controls on D1, the log2 (fold change) was plotted as a function of 

the –log10 transformed q-value for the pairwise comparisons of relative transcript 

abundance in N-deplete treatments on D2 relative to controls on D1, in controls 

(stationary phase) on D4 relative to controls on D1, and in refed N-deplete 

treatments on rD2 relative to N-deplete treatments on D1. 

 

     Of the pathways related to the photosynthetic machinery, four decreased 

(‘carotenoid biosynthesis’, ‘chlorophyll biosynthesis’, ‘light harvesting 

major/minor chlorophyll binding proteins’, and ‘photosynthesis’), and one (‘light 

harvesting stress/early light induced’) increased in N-deplete treatments on D2 

relative to controls on D1. The 129 genes in these five pathways, met the criteria 

for RNA-seq analysis (Tables S4.11 and S4.13, figures 4.13a and S4.7). Five 

genes involved in light harvesting stress/early light induced pathway showed 

changes under N-depletion; four genes (CBR/ELIP2, CBR/ELIP7, CBR/ELIP8 and 

LI818R.1) were up and one gene (LIL3) was down relative to controls at D1. For 

the four genes up, the log2 (fold change) ranged from 3-5. The gene down 

decreased by 1-fold (Tables S4.11 and S4.13, and Figure S4.7a). All of the genes 

up in N-deplete treatments (except CBR/ELIP2) increased gradually in controls, 
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reaching their highest fold increase in D4 (stationary phase) controls. After 

transferring controls (stationary phase) on D4 to replete medium (Cnt_refedD1), all 

of these genes decreased back to similar FPKM levels shown in replete controls 

on D1. CBR/ELIP2 increased only in controls (stationary phase) on D4, and after 

transferring to replete medium FPKM decreased back to similar levels shown in 

controls on D1. LIL3 did not change across all other samples. All of the genes up 

and down in N-deplete treatments on D2 were also up and down in all other N-

deplete treatments time point, and after transferring to replete medium (-

N_refedD1), FPKM reached back the levels in controls on D1. Of the genes that 

did not show differential transcript abundance in N-deplete treatments relative to 

controls at D2, three (CBR/ELIP3, CRB/ELIP5 and LHL) increased across all 

controls time points and CBR/ELIP3 and LHL also increased in N-deplete 

treatments on D1 (Tables S4.11 and S4.13, and Figure S4.7b). Twenty two the 

genes related to photosynthesis (Worden et al., 2009) showed differential 

transcript abundance in N-deplete treatments on D2; 20 genes (PETC, PETE, 

PETF1, PETF3, PETM, PETN, PSAD, PSAE, PSAF, PSAG, PSAH, PSAK, PSAL, 

PSAN, PSBM, PSBO, PSBP, PSBQ, PSBW2, PSBX) were down and two genes 

(PETF2 and PSBS) were up relative to controls on D1. For the 20 genes down, the 

log2 (fold change) ranged from -1 to -4, and the genes up increased by 1-fold. The 

magnitude of decrease of four of the genes down (PETF1, PSAN, PSBQ and 

PSBX) was high (with log2 (fold change) below -3) (Tables S4.11 and S4.13, and 

Figure S4.7a). The majority of the genes related to photosynthesis only changed in 

N-deplete treatments, with the exception of PSBS that also increased by 1-fold in 

controls (stationary phase) on D4. All of the genes with differential transcript 
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abundance in N-deplete treatments on D2 (except PSAH), were also up and down 

in all other N-deplete treatments time points, and after transferring to replete 

medium (–N_refedD2), FPKM reached back the levels in controls on D1. PSAH 

was down in N-deplete treatments on D1 and D2, and in N-deplete treatments on 

D3 and D4 FPKM was not significantly different to controls on D1 (Tables S4.11 

and S4.13, and Figure S4.7b). For genes related to chlorophyll biosynthesis 

(Worden et al., 2009), 13 genes show differential transcript abundance in N-

deplete treatments on D2, ten genes (CAO, CHL27, CHLD1, CHLI2, CHLM, DVR, 

HEMD, HEME2, HEMH and PCYA) were down and three genes (CCS5, HMOX2 

and UPM1) were up. For the 13 genes down, the log2 (fold change) ranged from -1 

to -2. For the three genes up, the log2 (fold change) was between 1 and 3 (Tables 

S4.11 and S4.13, and Figure S4.7a). All of the genes down in N-deplete 

treatments on D2 (except HEMH and HEMD), were also down in all other N-

deplete treatments time point, and after transferring to replete medium (–

N_refedD2), FPKM increased back the levels in controls on D1. In N-deplete 

treatments on D1, the relative transcript abundance of HEMH and HEMD was not 

significantly different to controls. Moreover, all of the genes up in N-deplete 

treatments on D2 (except HMOX2), were also up in all other N-deplete treatments 

time points, and after transferring to replete medium (–N_refedD2), FPKM 

decreased back the levels in controls on D1. In N-deplete treatments on D1, 

HMOX2 was not significantly higher to controls on D1 and increased by 1-fold on 

N-deplete treatments on D2. The majority of the genes down and up in N-deplete 

treatments on D2 did not change in controls, with the exception of CCS5 that also 

increased by 2-fold in controls (stationary phase) on D4 (Tables S4.11 and S4.13, 
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and Figure S4.7b). Twelve of the genes encoding light harvesting major/minor 

chlorophyll binding proteins of the light harvesting complex (LHC, (Neilson and 

Durnford, 2010)) antenna system (LHCA, LHCA1, LHCA2, LHCA3, LHCA5, 

LHCB5, LHCP1, LHCP2.2, LHCP2.3, LHCP2.4, LHCP2.5 and LHCP4) were 

down and one gene (LHCQ) was up by 2-fold in N-deplete treatments D2. The 

log2 (fold change) of the genes up, ranged from -1 to -8. The magnitude of 

decrease of five of the genes down (LHCA1, LHCP2.2, LHCP2.4, LHCP2.5 and 

LHCP4) was high (with log2 (fold change) below -3), with LHCP2.5 and LHCP4 

showing the highest decrease (8 and 9-fold decrease, respectively) (Tables S4.11 

and S4.13, and Figure S4.7a). All of the genes with differential transcript 

abundance in N-deplete treatments on D2, were also up and down in all other N-

deplete treatments time point, and after transferring to replete medium (–

N_refedD2), FPKM reached back the FPKM levels in controls. LHCP2.4 did not 

change across controls time points and increased by 1-fold after transferring to 

replete medium (Cnt_refedD2) (Tables S4.11 and S4.13, and Figure S4.7b). Nine 

genes related to carotenoid biosynthesis (Worden et al., 2009) showed differential 

transcript abundance in N-deplete treatments on D2 relative to controls on D1, 

eight (CCD, CMK, CMS, CRTH, CYP97C, GGR, MCS and ZEP2) of these genes 

decreased under N-depletion and one (CRTR) increased by 3-fold. For the eight 

genes down, the log2 (fold change) ranged from -1 to -2 (Tables S4.11 and S4.13, 

and Figure S4.7a). All genes with differential transcript abundance in N-deplete 

treatments on D2 (except MCS), were also up and down in all other N-deplete 

treatments time points, and after transferring to replete medium (–N_refedD2), 

FPKM reached back the FPKM levels in controls. In N-deplete treatments on D1, 
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FPKM of MCS was not significantly different to controls (Tables S4.11 and 

S4.13, and Figure S4.7b). 

     Ten genes associated with carbon transport and metabolism pathway (Worden 

et al., 2009) showed differential transcript abundance in N-deplete treatments on 

D2 relative to controls on D1, nine genes (AE, AE_3, CA, MDH1, MDH2, MDH3, 

MDH5, NADP-ME and protein ID 7668) were down and one gene (PEPC) 

increased by 2-fold. For the nine genes down, the log2 (fold change) ranged from -

1 to -4 (Tables S4.11 and S4.13, and Figure S4.8a). All of genes with differential 

transcript abundance in N-deplete treatments on D2 (except CA and MDH1), were 

also up and down in all other N-deplete treatments time points, and after 

transferring to replete medium (-N_refedD2), all of these genes (including CA and 

MDH1) reached back the FPKM levels observed in controls on D1. In N-deplete 

treatments on D1, CA and MDH1 were not significantly lower to controls on D1, 

and in N-deplete treatments on D2 these genes decreased by 1 and 3-fold, 

respectively and remained down in N-deplete treatments on D3 and D4. In controls 

(stationary phase) on D3 and D4, PEPC also increased by 2-fold and after 

transferring to replete medium (-N_refedD2), FPKM remained up. Three of the 

genes (MHD1, MHD2 and MHD3) down in N-deplete treatments on D2 were also 

down in controls (Tables S4.11 and S4.13, and Figure S4.8b). 

     Eleven genes involved in fatty acid biosynthesis (Worden et al., 2009) were 

differentially transcribed in N-deplete treatments on D2 relative to controls on D1, 

nine genes (ACP (protein 7971), ACP (protein 7979), ACP (protein 8531), FABD, 

FABF, FABH, FABI, FABZ and FACL) were down and two genes (ACP (protein 

7016) and ACPT) were up. For the six genes down, the log2 (fold change) ranged 
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from -1 to -4. The two genes up increased by up to 3-fold. For five of the genes 

down (ACP (protein 7971), FABD, FABH, FABI, and FABZ), the magnitude of 

decrease was high (with log2 (fold change) below -3) (Tables S4.11 and S4.13, 

and Figure S4.8a). All of the genes with differential transcript abundance in N-

deplete treatments on D2 (except ACPT and ACP (protein 7979)), were also up and 

down in all other N-deplete treatments time points, and after transferring to replete 

medium (-N_refedD2) all of these genes (including ACPT) reached back the 

FPKM levels observed in controls on D1. ACPT was only up in N-deplete 

treatments on D2. In N-deplete treatments on D1, ACP (protein 7979) was not 

significantly lower to replete controls, and in N-deplete treatments on D2 

decreased by 2-fold and remained down in N-deplete treatments on D3 and D4 and 

after transferring to replete medium (-N_refedD2) ACP (protein 7979) remained 

down. ACP (protein 7979) was also down in controls on D2, D3 and D4 and after 

transferring to replete medium (Cnt_refedD2) increased back to FPKM levels 

observed in controls on D1. Two other genes (ACP (protein 8531) and FABZ) that 

were down in N-deplete treatments were also down in controls (stationary phase) 

on D4, and after transferring to replete medium (-N_refedD2) increased back to 

FPKM levels shown in controls on D1 (Tables S4.11 and S4.13, and Figure 

S4.8b). 

     Of the 36 genes involved in nitrogen acquisition and metabolism in M. 

commoda, just one, AMT2.3, did not meet the RNA-seq analysis criteria. Twenty 

showed changes in transcript abundance in N-deplete treatments on D2 relative to 

D2 controls, 17 of which (AMT1.1, AMT1.2, AMT2.2, ASP1, ASP2, ASP3, CNX6, 

CNX7, FNT, GSN1, NAR2.1, NAR2.2, NIA, NII, NRT2.1, NRT2.2 and SIR) 
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increased by log2 (fold change) between 1 to 5. Three genes (CNX1E, CNX2 and 

GLNA) decreased relative to the control by log2 (fold change) ranged from -1 to -2 

(Tables S11 and S13, and Figure S8a). After transferring to replete medium (-

N_refedD2), the FPKM values of the majority of genes up (except AMT1.1 and 

AMT2.2) and down in N-deplete treatments on D2, returned to the FPKM levels 

observed in controls on D1. In refed N-deplete treatments on rD2, AMT1.1 also 

decreased, but up to 1-fold lower than controls, and AMT2.2 remained up by 1-

fold. Most genes up in N-deplete treatments on D2 (11 out of 17) were also up in 

all other N-deplete treatment time points. The exceptions were ASP1, ASP2, 

CNX6, CNX7, NIA and SIR. In N-deplete treatments on D1, ASP1, CNX6 and NIA, 

were not significantly different to controls. ASP2 increased only on N-deplete 

treatments on D1 and D2, CNX7 increased only on N-deplete treatments on D2 and 

SIR increased only on N-deplete treatments on D2 and D4. In controls, AMT1.1, 

AMT2.2, ASP3 and NRT2.1 were not significantly different to replete controls, but 

after transferring to replete medium (Cnt_refedD1) these genes increased by 2, 1, 2 

and 1-fold respectively. ASN2 did not increase in N-deplete treatments on D2 (fold 

change was 0.9), but was up in stationary controls on D4 and in all other N-deplete 

treatment time points. NRT2.3 only decreased (by 2-fold) and POT (NRT1) only 

increased (by 1-fold) on N-deplete treatments on D1 (Tables S4.11 and S4.13, and 

Figure S4.8b). 

     Eight core cell cycle related genes (APC11, APC8, CDC, CDKB, CYC, CYCB, 

CYCL and CYCT1) were up and three (APC3, APC4 and CYCA) were down in N-

deplete treatments on D2 relative to controls on D1. For the eight genes up, the 

log2 (fold change) ranged from 1 to 2. For the three genes down, the log2 (fold 
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change) ranged from -1 to -3 (Tables S4.11 and S4.13, and Figure S4.9a). Most 

genes up in N-deplete treatments on D2 (5 out of 8) were also up in N-deplete 

treatments on D3 and D4 relative to controls on D1, and all of the genes (except 

CYCB) did not change in N-deplete treatments on D1. CYCB only increased in N-

deplete treatments on D1 and D2, and CDKB and APC11 only increased in N-

deplete treatments on D2. All of the genes down in N-deplete treatments on D2 

also decreased across all other N-deplete treatment time points. After transferring 

to replete medium (-N_refedD2), most of the genes up (except CDKB and CYCB) 

and down, reached FPKM levels observed in controls on D1. In refed N-deplete 

treatments on rD2, CDKB and CYCB were 1 and 2-fold higher than controls on D1, 

respectively. Of all the genes up in N-deplete treatments on D2, CDKB and CYCB 

were down in controls and CYCT1 increased in controls (stationary phase) on D3 

and D4 relative to controls on D1. Moreover CYC did not change in controls D2-

D4, but after transferring to replete medium (Cnt_refedD1), CYC increased by 2-

fold. Two of the genes down in N-deplete treatments on D2 (APC4 and CYCA), 

also decreased on controls D2-D4. Of all the core cell cycle related genes that did 

not show differential transcript abundance in N-deplete treatments on D2, six 

genes (APC2, APC5, APC7, CDC25, CKS1 and WEE1) decreased in controls by 

up to 3-fold (Tables S4.11 and S4.13, and Figure S4.9b). 

     The relative transcript abundance of the majority (around 80%) of genes 

related to flagella and microtubules assembly in M. commoda (Worden et al., 

2009), did not changed across all samples. Nineteen genes showed differential 

transcript abundance in N-deplete treatments on D2 relative to controls at D1, 14 

genes (ACT, ALK, BBS3, CPC1, FA1P, FLA10, GSK3, HSP70, IFT57, MST1, 
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ODA7, ODA-DC, ODA-DC3 and ODA-IC1) were up and 5 genes (FAK, ODA-

LC6, PKD2, TUBA2 and TUBG) were down. For the 14 genes up, the log2 (fold 

change) ranged from 1 to 5. For the 5 genes down, the log2 (fold change) ranged 

from -1 to -2 (Tables S4.11 and S4.13, and Figure S4.9a). Most of the genes with 

differential transcript abundance in N-deplete treatments on D2 also changed in N-

deplete treatments on D3 and D4, and after transferring to replete medium (-

N_refedD2), FPKM values were back to the levels observed in controls on D1. In 

Refed N-deplete treatments on rD2, FLA10 also decreased, but to 1-fold lower 

than replete controls, and PKD2 remained down. Eight of the genes up in N-

deplete treatments on D2 (ALK, BBS3, CPC1, FA1P, GSK3, IFT57, ODA7 and 

ODA-DC3), did not change in N-deplete treatments on D1. Four of the genes 

down in N-deplete treatments on D2 (FAK, ODA-LC6, PKD2 and TUBA2), did not 

change in N-deplete treatments on D1. In N-deplete treatments on D1, TUBG also 

decreased showing the highest decrease (3-fold) across all N-deplete treatment 

time points. CPC1, FA1P and IFT57 only increased in N-deplete treatments on 

D2. In controls, HSP70 was up and PKD2 was down across all time points. After 

transferring to replete medium (Cnt_refedD1) FPKM of HSP70 decreased back the 

levels observed in controls on D1, and PKD2 remained down. In controls 

(stationary phase) on D4, ODA-IC, BBS3 and ACT also increased and after 

transferring to replete medium (Cnt_refedD1), FPKM of BBS3 and ACT decreased 

back to the levels shown in controls on D1, and ODA-IC remained up. Of the 

genes that did not show differential transcript abundance in N-deplete treatment 

on D2 (and across all other N-deplete treatments), seven genes (BBS4, D1BLIC, 

FAP133, IFT172, IFT80, METH1 and TUE) were up and ten genes (FAP, ODA-
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DHCA, ODA-LC7A, PF16, PF6, RIB43A, RSP10, RSP23, RSP7 and TCTEX1) 

were down only in controls (stationary phase) on D4. Moreover, BBS2 and KAT1 

were up and ODA-DHCG2, OFD1 and VFL3 were down in all control time points 

as well as in N-deplete treatments on D1 (Tables S4.11 and S4.13, and Figure 

4.9b). 

     Of the 65 TF families (domains) found in land plants, M. commoda has TFs 

within 44 domains (Worden et al., 2009). The 221 genes annotated as 

transcription factors in a reannotation of this species (van Baren et al., 2016) were 

classified in 33 distinct categories or as ‘other TFs’. Within the MYB-domain 

TFs, MYB-SHAQYF TFs were classified as a separate category. Six of these 

categories were higher in N-deplete treatments. Out of 8 homeodomain TFs in the 

genome, six met RNA-seq analysis criteria. Three genes (GSP1, OCP3 and WOX) 

were up and one gene (HBPHDf) decreased by 3-fold. The log2 (fold change) of 

the genes up, ranged from 3 to 4 (Tables S4.11 and S4.13, and Figure S4.9a). All 

of the genes that show differential transcript abundance in N-deplete treatments on 

D2 relative to controls on D1, also changed in across all other N-deplete treatment 

time points, and after transferring to replete medium (-N_refedD2), FPKM values 

were back to the levels shown in controls on D1. WOX also increased in controls 

D2-D4, GSP1 only increased in controls (stationary phase) on D4. HBPHDf 

decreased in control (stationary phase) on D3 and D4. After transferring to replete 

medium (Cnt_refedD1), FPKM value was back to the levels observed in controls 

on D1 (Tables S4.11 and S4.13, and Figure S4.9b). The six RWP-RK domain TFs 

met analysis criteria. Three genes (NLP2, RKD and RWP2) were up and one gene 

(RWP1) decreased by 1-fold. The log2 (fold change) of the genes up, ranged from 
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1 to 5 (Tables S4.11 and S4.13, and Figure S4.9a). All of the genes up in N-

deplete treatments on D2 relative to controls on D1, increased in all other N-

deplete treatment time points (except NLP2 that did not change in N-deplete 

treatment on D1). After transferring to replete medium (-N_refedD2), FPKM 

values of all genes up and down in N-deplete treatments on D2, were back to the 

levels observed in controls on D1. In controls, RWP2 also changed increasing up 

to 3-fold on D3 and D4 when cells were in stationary phase. After transferring to 

replete medium (Cnt_refedD1) FPKM values did not fully recover as they 

remained up by 1-fold relative to controls at D1. Four AP2-like TFs (AP2.3, 

AP2.4, AP2.8 and AP2.13) were up by 2-fold in N-deplete treatments on D2 

relative to controls on D1 (Tables S4.11 and S4.13, and Figure S4.9a). All of these 

genes were also up in all other N-deplete treatment time points, and after 

transferring to replete medium (-N_refedD2), FPKM values decreased back to the 

levels shown in controls on D1. AP2.4 also increased in controls (stationary phase) 

on D3 and D4, and after transferring to replete medium (Cnt_refedD1), FPKM 

remained up. One of the genes (AP2.11) that did not show differential transcript 

abundance in N-deplete treatments on D2, decreased by 2-fold in N-deplete 

treatments on D3 and D4. After transferring to replete medium (-N_refedD2), 

AP2.11 increased back to the levels observed in controls on D1 (Tables S4.11 and 

S4.13, and Figure S4.9b). Seven bZIP TFs (bZIP.1, bZIP.2, bZIP.3, bZIP.4, 

bZIP.7, bZIP.11 and bZIP.12) were up in N-deplete treatments on D2 relative to 

controls on D1. The log2 (fold change) of the genes up, ranged from 1 to 4 (Tables 

S4.11 and S4.13, and Figure S4.9a). Most of these genes were also up in all other 

N-deplete treatment time points, and after transferring to replete medium (-
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N_refedD2), FPKM values decreased back to the levels observed in controls on 

D1. bZIP.4 and bZIP.11 did not change in N-deplete treatments on D1. In refed N-

deplete treatments on rD2, bZIP.4 and bZIP.7 did not fully recover as they 

remained up by 1-fold relative to controls at D1. Four of the genes up in N-deplete 

treatments on D2 (bZIP.2, bZIP.3, bZIP.4 and bZIP.12) were also up in controls 

on D2-D4, and after transferring to replete medium (Cnt_refedD1) FPKM values 

decreased to the levels observed in controls on D1. One of the genes (bZIP.9) that 

did not change in N-deplete treatments on D2 relative to controls on D1, decreased 

by 2-fold in refed N-deplete treatments on rD2 (Tables S4.11 and S4.13, and 

Figure S4.9b). Ten MYB-domain TFs (MYB.1, MYB.4, MYB.5, MYB.8, MYB.11, 

MYB.14, MYB.16, MYB.18, MYB.23 and MYB.25) were up and three (MYB.3, 

MYB.22 and MYB.29) were down. The log2 (fold change) of the genes up, ranged 

from 1 to 4, and the log2 (fold change) of the genes down, ranged from -1 to -2 

(Tables S4.11 and S4.13, and Figure S4.9a). Six of the genes up were also up in 

all other N-deplete treatment time points, and after transferring to replete medium 

(-N_refedD2), FPKM values decreased back to the levels observed in controls on 

D1. Four of the genes up (MYB.1, MYB.11, MYB.14 and MYB.23) did not change 

in N-deplete treatments on D1. Moreover, MYB.1 and MYB.14 were only up in N-

deplete treatments on D2. In controls, MYB.5 and MYB.16 increased by 1-fold in 

controls on D3, MYB.18 increased by 2-fold in controls on D2 and D3 and by 3-

fold in controls (stationary phase) on D4, and MYB.11 decreased by 3-fold in 

controls on D2 and by 1-fold in controls (stationary phase) on D3 and D4. After 

transferring to replete medium (Cnt_refedD1), MYB.6, MYB.11 and MYB.18 

FPKM values were back to the levels observed in controls on D1. Two of the 
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genes down in N-deplete treatments on D2, also decreased in all other N-deplete 

treatment time points, as well as in controls on D2-D4. After transferring to replete 

medium (Cnt_refedD1 and –N_ refedD2), FPKM values increased back to the 

levels observed in controls on D1. In Cnt_refedD1, MYB.3 increased up to 1-fold 

higher than controls on D1. Of the genes that did not showed differential transcript 

abundance in N-deplete treatments on D2, MYB.19 increased and MYB.26 

decreased in controls on D2-D4 (Tables S4.11 and S4.13, and Figure S4.9b). 

 

DISCUSSION AND CONCLUSIONS 

 

     Nitrogen is an essential nutrient for eukaryotic phytoplankton throughout much 

of the surface ocean (Falkowski, 1997; Zehr and Ward, 2002; Capone et al., 2009; 

Zehr and Kudela, 2011; Moore et al., 2013). Here, the effects of nitrogen 

depletion on M.  pusilla and M. commoda were investigated in depletion and 

refeeding experiments. The two different Micromonas species were investigated 

because they coexist in the ocean (Foulon et al., 2008; Worden and Not, 2008; 

Simmons et al., 2015), but there is evidence of disparate abundance contributions 

(Foulon et al., 2008). Furthermore, the evolutionary distance between them is 

large (Slapeta et al., 2006; Worden, 2006; Worden et al., 2009; van Baren et al., 

2016) suggesting possible adaptations to different ecological niches (e.g. niches 

given by variability in nutrient concentrations, such as nitrogen). Ortholog 

analysis revealed that these species share at most 81% of their protein encoding 

genes (based on reciprocal best blastp) and as few as 64% (based on OrthoMCL) 

(van Baren et al., 2016), again demonstrating considerable diversification 
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contributing to their species-specific adaptive strategies. While overall orthology 

has been investigated (Worden et al., 2009; Monier et al., 2013; van Baren et al., 

2016), and differences for specific genes (McDonald et al., 2010; Duanmu et al., 

2014) or pathways (McRose et al., 2014) have as well, it has been less clear how 

this translates to responses to key nutrients in the marine environment. More 

generally little is known about how Micromonas species respond to nitrogen 

limitation. 

     The growth rates and cellular parameters of both Micromonas species 

exhibited similar trends in the controls, as well as N-deplete and refed cells. 

Replete controls entered stationary phase by day 3 for both species. Nitrogen 

depletion induced a pronounced decrease in growth rate compared to controls 

within 1 to 2 days. Over the refeeding phase, cells from N-deplete treatments take 

longer to show signs of recovery in growth rate than control cells that were had 

reached stationary phase once refed. One major difference between species was 

that M. pusilla exhibited a pronounced increase in mean FALS cell
-1

 (proxy of cell 

size) in N-deplete treatments.   

     To date, only two other studies have investigated Micromonas responses to 

nitrogen (McDonald et al., 2010; Halsey et al., 2014), and both were on M. 

commoda. Phylogenetic aspects of nitrogen related proteins have also been 

studied (McDonald et al., 2010; McDonald et al., 2012; Ghoshroy and Robertson, 

2015). One of the latter compared the phylogeny of the genes related to nitrogen 

machinery in M. pusilla and M. commoda, as well as the difference in the number 

of genes encoding for ammonium (AMT) and nitrate (NRT) transporters between 

these two species (M. commoda has one more AMT and two more NRTs). This 
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same study examined expression of three AMTs (AMT1.3, AMT2.1 and AMT2.3) 

and the three NRTs (NRT1, NRT2.1/NRT2.2 and NRT2.3) under nitrogen depletion 

by qPCR in M. commoda. These genes increased in expression under limitation 

and gene expression decreased again two days after nitrate amendment 

(McDonald et al., 2010).  

     Most of M. pusilla genes involved in nitrogen transport and metabolism did not 

exhibit changes under N-depletion on D1 relative to the control on D1 (Tables 

S4.5, and figures 4.6 and S4.4). Similar findings were reported in O. tauri, where 

proteins involved in nitrogen assimilation were down-regulated under nitrogen 

limitation (Le Bihan et al., 2011). In the latter, the authors highlighted similarities 

with Prochlorococus responses to nitrogen depletion, which were previously 

hypothesized (El Alaoui et al., 2003) as a distinct strategy of photosynthetic 

picoplankton adapted to oligotrophic (low nutrients) environments by avoiding the 

synthesis of energetically expensive proteins. One of the five ammonium 

transporter in M. pusilla (AMT1.3), targeted to the plasma membrane (McDonald 

et al., 2010), increased significantly (3-fold) in N-deplete treatments, while the 

other AMT (AMT2.1) that also increased (2-fold) under N-depletion is chloroplast 

targeted (McDonald et al., 2010). Another AMT (AMT2.2) decreased by 1-fold 

under N-depletion, whereas the other two AMTs did not show differential 

transcript abundance in N-deplete treatments on D1. Different transcriptional 

responses, regulation and substrate affinities of multiple AMTs copies have been 

demonstrated in C. reinhardtii. Only two (CrAMT1.1 and CrAMT1.2) of a total of 

8 AMTs in C. reinhardtii were preferentially transcribed under nitrogen starvation 

(Gonzalez-Ballester et al., 2004). In plants, distinct expression patterns have also 
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been shown for several AMTs, depending on the tissue type (e.g., root or leaf) or 

nitrogen concentrations (D'Apuzzo et al., 2004; Couturier et al., 2007). Likewise, 

in the diatom Cylindrotheca fusiformis, different AMTs showed complementary 

ammonium affinities (Hildebrand, 2005), and in T. pseudonana, Fragilariopsis 

cylindrus, and Pseudo-nitzschia multiseries, only a subset of AMTs within each 

diatom increased in transcript abundance under nitrate limitation (Bender et al., 

2014; Rogato et al., 2015). Relative transcript abundance of M. pusilla AMT1.3 

did not change in controls (stationary phase) on D4. Moreover, AMT1.3 

transcriptional patterns associated with the diel cell cycle of M. pusilla (Tables 

S4.3 and S4.6, and Figure 4.7) were analyzed and compared these to the patterns 

of another ammonium transporter (AMT1.1). This revealed high transcript 

abundance of AMT1.1 over the diel cycle as well as in controls and N-deplete 

treatments on D1. In contrast, AMT1.3 only increased under N-depletion and its 

relative transcript abundance decreased upon refeeding (-N_refedD1) (Figure 7). 

Interestingly, AMT1.1 is the ammonium transporter phylogenetically most closely 

related to AMT1.3 in M. pusilla (McDonald et al., 2010) and our results showed 

distinct transcriptional patterns for these homologs. Based on these results, 

AMT1.3 appears the most promising as indicator of nitrogen stress in M. pusilla.  

     Finally, although transcript abundance cannot be directly compared to protein 

abundance, some of these results are similar to those from a shotgun proteomic 

study of O. tauri grown under low nitrogen (medium contained 4.8 × 10
-5

 M 

NaNO3 and 1.97 × 10
-6

 M NH4Cl. And cells were maintained in these conditions 

for 7 days before harvesting for shotgun proteomic analysis). In that study, 

ribosomal proteins, histones and proteins involved in nitrogen assimilation 
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decreased under low nitrogen, whereas proteins involved in phosphate transport 

and synthesis, glycolysis, starch accumulation and fatty acid oxidation were 

enriched (Le Bihan et al., 2011). 

     Apart from the responses observed for nitrogen-related transport and 

assimilation genes, the relative transcript abundance of the majority of genes 

related to the photosynthetic apparatus decreased under N-depletion and recovered 

after transfer to replete medium in M. pusilla (Table S4.5 and figure S4.3). Down-

regulation of genes related to the photosynthetic apparatus under N-depletion, has 

been shown in several studies (examples include studies with the diatoms 

Phaeodactylum tricornutum (Yang et al., 2013; Alipanah et al., 2015; Levitan et 

al., 2015) and Thalassiosira pseudonana (Hockin et al., 2012), the green algae C. 

reinhardtii (Miller et al., 2010; Valledor et al., 2014; López García de Lomana et 

al., 2015) and the haptophyte Prymnesium parvum (Liu et al., 2015)). 

Interestingly, the gene encoding the photosystem II subunit S (PSBS) increased 

under nitrogen depletion, as previously observed in C. reinhardtii under nitrogen 

deprivation (Miller et al., 2010). In vascular plants, this protein is involved in 

nonphotochemical quenching which dissipates excess light energy as heat to 

protect the photosystems (Li et al., 2000; Fan et al., 2015). A group of genes 

encoding proteins structurally similar to the light-harvesting chlorophyll (LHC) 

a/b-binding proteins, increased by up to 5-fold in N-deplete treatments on D1. Five 

of these genes correspond to ELIPs (Early Light Inducible Proteins) and one is an 

LHCSR protein (LI818R.1). ELIPs and LHCSR might be involved in 

photoprotection and stress responses, and have been primarily associated to light 

stress in C. reinhardtii (Neilson and Durnford, 2010; Bonente et al., 2011), the 
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diatom P. tricornutum (Bailleul et al., 2010) and plants (Hutin et al., 2003; 

Heddad et al., 2006). Growth rates of M. pusilla cells were significantly lower in 

controls (stationary phase) on D3 and D4 suggesting cells were running out of 

macronutrients or trace nutrients and going through stressful conditions that might 

trigger similar stress responses as in N-deplete treatments. In this case, most of 

genes related to the photosynthetic apparatus did not change, and ELIPs and 

LI818R.1 did not increase in controls (stationary phase) on D4.  

     In M. pusilla a number of genes related to carbon transport and metabolism 

decreased in N-deplete treatments suggesting a down regulation of this pathway 

(Tables S4.5, and figures 4.6 and S4.4). Yet, transcript levels of gene PEPC and 

PPDK.1 increased under N-depletion. And in controls (stationary phase) on D4, 

PEPC relative transcript abundance did not change, whereas PPDK.1 increased by 

2-fold (Tables S4.5, and figures S4.4). PEPC encodes a phosphoenolpyruvate 

carboxylase involved in bicarbonate assimilation into phosphoenolpyruvate (PEP) 

producing oxalacetate (OAA) and PPDK encodes a pyruvate-phosphate dikinase 

that catalyzes the production of PEP from pyruvate (Worden et al., 2009). The 

increase of PEPC and PPDK under N-depletion, might implicate up-regulation of 

C4-like carbon concentration into OAA, which can be an intermediate molecule of 

other pathways, such as the tricarboxylic acid (TCA) cycle, the urea cycle, amino 

acid biosynthesis and fatty acid biosynthesis. In the diatom P. tricornutum, C4 

machinery was proposed to primarily be involved in dissipation of excess light 

energy rather than carbon concentration (Haimovich-Dayan et al., 2013).  

     In many photosynthetic organisms, accumulation of fatty acids is a common 

response observed under nitrogen depletion (Griffiths and Harrison, 2009; Wang 
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et al., 2009; Yang et al., 2013). In M. pusilla, the majority of genes related to fatty 

acid metabolism decreased in N-deplete treatments, in agreement with previous 

findings where, a decrease in the relative transcript abundance of genes related to 

de novo fatty acid biosynthesis, was observed under nitrogen starvation in the 

eustigmatophyte, Nannochloropsis sp. (Li et al., 2014), and in C. reinhardtii 

(Msanne et al., 2012; López García de Lomana et al., 2015) (Tables S4.5, and 

figures 4.6 and S4.4).  

     The observed increase in the relative transcript abundance of a number of 

genes related to flagella and microtubule formation under N-depletion (Tables 

S4.5, and figures 4.6 and S4.5) may indicate structural changes of the cell, 

changes in cellular transport and an increase in flagella biosynthesis. Maintenance 

of a functional flagellum might be an important strategy employed by M. pusilla, 

as motility could help them access nutrients. In addition, genomic evidence 

suggests that M. pusilla might be able to sexually differentiate in gametes and 

undergo sexual reproduction (Worden et al., 2009). One of the genes possibly 

involved in gamete mating (PKD2) increased under N-depletion. In C. reinhardtii, 

PKD2 was proposed to be involved in flagellar adhesion during mating, possibly 

to increase the calcium required for the flagella during mating (Huang et al., 

2007). Moreover, ten of the genes involved in meiosis increased in N-deplete 

treatments and the homeodomain transcription factor, GSP1 (Gamete-specific 

plus1) also increased. GSP1 regulates the zygotic differentiation program in C. 

reinhardtii (Goodenough et al., 2007). Our results suggest that M. pusilla might 

differentiate into gametes under nitrogen depletion, however zygote formation is 

unlikely to occur in the absence of the opposite mating type because in this study 
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M. pusilla was clonal (unless homothallic). Further experimentation with other 

stressors and potential mating types might give us insights into possible factors 

that may trigger sexual reproduction. Thus isolation approaches to maintain 

opposite mating types cultures is essential for expanding our understanding of the 

potential sexual reproduction of Micromonas. 

     Transcription factors are regulatory proteins that activate or repress 

transcription of other genes by binding to transcription-factor binding sites (short 

cis-regulatory elements) (Cheah et al., 2007). The role of transcription factors as 

transcriptional regulators under stress had been extensively studied in plants 

(Ambawat et al., 2013; Lindemose et al., 2013; Wang et al., 2016) and C. 

reinhardtii (Chardin et al., 2014; Valledor et al., 2014; Gargouri et al., 2015; 

López García de Lomana et al., 2015; Ngan et al., 2015; Goncalves et al., 2016). 

A set of TFs (Tables S4.5, and figures 4.6 and S4.5) that might play a role in 

transcriptional regulation of M. pusilla under N-depletion were identified. Five 

bZIP-domain TFs increased in N-deplete treatments on D1 and not in controls 

(stationary phase) on D4. Particularly, bZIP.1 (protein 855) exhibited a high fold 

change (5-fold increase) under N-depletion. bZIP.1 (protein 855) transcriptional 

patterns associated with the diel cell cycle of M. pusilla (Tables S4.3 and S4.6, 

and Figure 4.7) were analyzed and compared to another bZIP-domain TF (bZIP.3) 

that did not change in N-deplete treatments. This analysis revealed low overall 

transcript abundance of both TFs over the diel cell cycle, whereas bZIP.1 (protein 

855) increased to high relative transcript abundance only under N-depletion 

(Figure 4.7). Under nitrogen starvation, C. reinhardtii  bZIP TFs have been 

involved in the down-regulation of LHC and carbon fixation related genes 
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(Gargouri et al., 2015). In A. thaliana, AtbZIP16 TF regulates the LHC a/b-

binding protein 2.4 (LHCB2.4) (Shaikhali et al., 2012), and several bZIP TFs are 

involved in responses to osmotic stress, seed dormancy and seedling growth arrest 

through the regulation of abscisic acid (ABA) hormone (Lindemose et al., 2013). 

The relative transcript abundance of four GATA TFs increased in both N-deplete 

treatments and controls (stationary phase) on D4. In the yeast 

Schizosaccharomyces pombe, GATA TF Gaf1 activates the nitrogen stress-

induced gene isp7+ (Laor et al., 2015). MYB-domain TF proteins family is large 

and functionally diverse (Ambawat et al., 2013). Seven MYB-domain TFs 

(excluding MYB-SHAQYF) were up in N-deplete treatments on D1 and did not 

increase in controls (stationary phase) on D4. In transgenic plants, the 

overexpression of a number of MYB-domain proteins enhances plant tolerance to 

stress conditions, such as drought and high temperature and salinity (Li et al., 

2015; Wang et al., 2016). In C. reinhardtii, transcript levels of the MYB-related 

transcription factor ROC40 was highly induced under N-starvation and suggested 

to be involved in the regulation of lipid accumulation (Goncalves et al., 2016), 

and a MYB-CC TF (PSR1, phosphorus tress response 1) is involve in the 

regulation of lipid accumulation under nitrogen and sulfur depletion (Ngan et al., 

2015). In the red algae Cyanidioschyzon merolae, CmMYB1 was suggested to be 

involved in responses to nitrogen status by regulation of nitrogen assimilation 

genes (Imamura et al., 2009). Five TF members of the MYB-SHAQYF genes 

increased under N-depletion, but in contrast to the patters observed for MYB-

domain TFs, MYB-SHAQYF also increased in controls (stationary phase) on D4. 

Similarly, most of the response regulator TFs (ARR) that were up in N-deplete 
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treatments were also up in controls (stationary phase) on D4. These results provide 

a set of TFs that may be related to N-depletion (e.g. bZIP.1 (protein 855)) and 

others that appear to relate to N-depletion and stationary phase (e.g. TFs of the 

MYB-SHAQYF domain) or only to stationary phase (e.g. bZIP.7). To further 

refine information on the timing and nature of TFs usage in M. pusilla, their 

transcriptional responses should be studied under other conditions.  

     M. commoda – As in M. pusilla, the relative transcript abundance of the 

majority of genes related to the photosynthetic apparatus decreased under N-

depletion,  recovered after transferring to replete medium and did not change in 

controls (stationary phase) (Tables S4.11, and figures 4.13 and S4.7). Likewise, 

the gene encoding the photosystem II subunit S (PSBS) also increased under 

nitrogen depletion in M. commoda, but in contrast to M. pusilla another 

photosynthesis related gene (PETF2) also increased under N-depletion. In M. 

commoda the transcriptional patterns of the genes in the ‘Light harvesting 

stress/early light induced’ pathway differed from those in M. pusilla. Of the eight 

ELIP (Early Light Inducible Proteins) genes in M. commoda, three increased 

under N-depletion, but they also increased gradually in controls, particularly in 

controls (stationary phase) on D4. The same trend was observed for the LHCSR 

gene (LI818R), whereas in M. pusilla, these genes only increased under the N-

depletion treatment. Moreover, in M. commoda two ELIPs (CBR/ELIP3 and 

CRB/ELIP5) increased only in controls and in N-deplete treatments on D1 (when 

N-deplete treatments were still growing, figure 4.8), whereas in M. pusilla, none 

of the ELIPs increased in stationary controls. One consideration here is that 

although stationary phase was reached in controls for both species, the abiotic 
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factors that induced stationary phase may have been different. Additionally, the 

controls starting (14 ± 1 x 10
6
 (M. pusilla) and 9 ± 1 x 10

6
 (M. commoda) cell ml

-

1
) and ending densities (31 ± 2 x 10

6
 (M. pusilla) and 34 ± 3 x 10

6
 (M. commoda) 

cell ml
-1

) were different in the depletion experiments, which could influence the 

extent of drawdown of different medium constituents. Alternatively, these results 

may suggest possible differences in functions, e.g., among the ELIP genes in M. 

commoda. Indeed, in A. thaliana leaves, the differential expression of two ELIPs 

was associated to the degree of damage to photosystem II (PSII) under light stress. 

For AtElip1 transcripts accumulated as soon as PSII showed signs of photo 

damage and transcript levels increased in correlation to the degree of damaged of 

PSII, whereas AtElip2 transcript accumulation was observed at the point where 

40% of more of PSII was photo damaged (Heddad et al., 2006).  

     A number of carbon transport and metabolism related genes, as well as fatty 

acid biosynthesis related genes decreased in N-deplete treatments suggesting a 

down regulation of these pathways (Tables S4.11, and figures 4.13 and S4.8) in 

both M. commoda and M. pusilla. In addition, transcript levels of gene PEPC also 

increased under N-depletion, although unlike in M. pusilla, in M. commoda 

PPDK.1 did not change. Another common response between the two Micromonas 

species was the increase in the relative transcript abundance of a number of genes 

related to flagella and microtubule under N-depletion (Tables S4.11, and figures 

4.13 and S4.9).   

     In contrast to M. pusilla, a large number of the genes involved in nitrogen 

transport and metabolism in M. commoda that increased in N-deplete treatments, 

recovered after transferring to replete medium and did not change in controls prior 
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to refeeding (stationary phase) (Tables S4.11, and figures 4.13 and S4.8). In N-

deplete treatments on D1 (–N_D1, when N-deplete treatments were still growing, 

figure 4.8), the magnitude of increase relative to controls on D1 was not as high as 

in the other N-deplete treatment time points (D2-D4) (e.g. in –N_D1 the fold 

change of the gene encoding one ammonium transporter (AMT1.2) was 2.8, 

whereas the mean fold change across all other N-deplete treatments (D2-D4) was 

5.7 ± 0.2). Moreover, the low affinity nitrate transporter (POT/NRT1) only 

increased in N-deplete treatments on D1. Our results showed that three (AMT1.1, 

AMT1.2 and AMT2.2) of the six ammonium transporters in M. commoda increased 

up to 5-fold, and two (out of three) putative high affinity nitrate transporters 

(NRT2.1 and NRT2.2) and their accessory proteins (NAR2.1 and NAR2.2) 

increased 4-fold under N-depletion. The other three ammonium transporters 

(AMT1.3, AMT2.1 and AMT2.3) as well as the other putative high affinity nitrate 

transporter (NRT2.3) did not show differential transcript abundance in N-deplete 

treatments here for a M. commoda, but did exhibit higher relative gene expression 

in a prior qPCR study (using the delta deltaCT method (Livak and Schmittgen, 

2001)) at the point where M. commoda cells exhibited nitrogen limitation 

(McDonald et al., 2010). In agreement with our findings, NRT2.1/NRT2.2 also 

increased (3-fold) in the prior qPCR study when cells entered nitrogen depletion. 

Note that in (McDonald et al., 2010), the other three AMTs (AMT1.1, AMT1.2 and 

AMT2.2) were not tested. Furthermore, all of the genes up under N-depletion 

decreased on day 2 after transferring the N-deplete cells into replete medium (-

N_refedD2). In (McDonald et al., 2010) the gene expression of the AMTs and 

NRTs tested also decreased considerably after two days upon nitrate amendment, 
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however after one day of nitrate amendment, gene expression of AMT2.1 and 

NRT2.1/NRT2.2 was still high. In addition to the patterns observed for AMTs and 

NRTs, the nitrite transporter (FNT) also increased by 3-fold and the genes 

encoding nitrite and nitrate reductase (NII and NIA, respectively) increased by 2-

fold in M. commoda under N-depletion, whereas in M. pusilla these genes did not 

show differential transcript abundance under N-depletion. Among the genes 

related to ammonium assimilation only the NADH-dependent glutamate synthase 

(GSNI) was up, whereas the ferrodoxin dependent glutamate synthase did not 

increase. Moreover, three aspartate aminotransferase (ASP) increased. Increased 

transcript abundance of genes related to nitrogen transport and assimilation under 

nitrogen starvation have also been observed in other marine phytoplankton like 

diatoms (Ashworth et al., 2013; Yang et al., 2013; Bender et al., 2014), 

dinoflagelattes (Morey et al., 2011 

), haptophytes (Liu et al., 2015; McKew et al., 2015) and pelagophytes (Berg et 

al., 2008; Wurch et al., 2011) as well as the non-marine C. reinhardtii, which is 

evolutionarily closer to Micromonas than these other taxa. Oddly, in the 

prasinophyte O. tauri, proteins involved in nitrogen assimilation appear to 

decrease under nitrogen limitation (Le Bihan et al., 2011). This differs from our 

findings and was concluded to reflect “an atypical adaptation mechanism for 

coping with a nutrient-limited environment”, but could also be related to the fact 

that O. tauri lives in oyster lagoons where urea and other nitrogen sources are 

presumably high. With respect to other differences observed here between the 

Micromonas species, the gene encoding a NIT2-like protein (NLP2) increased in 

N-deplete treatments on D2-D4 in M. commoda but not in the M. pusilla time 
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points studied. In C. reinhardtii, NIT2 increases under nitrogen starvation and 

serves as a transcription factor that plays an essential role in activation of the 

nitrate reductase (encoded by NIA1), but only if some intracellular nitrate is 

present (Camargo et al., 2007). In our study both NLP2 and NIA1 increased in M. 

commoda under N-depletion but neither did in M. pusilla. Furthermore, for both 

Micromonas differences in transcriptional responses of ammonium transporter 

homologs within each species were observed. Inference of nitrogen stress or 

nitrogen transport and utilization (e.g. ammonium versus nitrate acquisition) using 

AMTs relative transcript abundance should be done with caution when 

interpreting metatranscriptomic data in the ocean.   

     Among the transcriptional patterns observed for transcription factors, both 

Micromonas species under N-depletion appear to increase the homeodomain, 

bZIP, and MYB-domain TFs. However, in M. commoda a number of bZIP domain 

TFs and one MYB domain TF that increased in N-deplete treatments also 

increased in controls, in contrast to M. pusilla where the TFs in these domain did 

not increase in controls (stationary phase). In addition, in M. commoda, four AP2-

like and three RWP-RK domain (which includes NLP2) TFs increased in N-

deplete treatments and only one AP2-like TF (AP2.4) and one RWP-RK TF also 

increased in controls. AP2 TFs have been associated to drought resistance in A. 

thaliana (Century et al., 2008). Again, these differences may reflect the fact that 

for the controls we do not yet know which medium constituents became the 

limiting factors that led to stationary phase, and these may have differed for the 

two species.  
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     Our study on responses to nitrogen depletion of two divergent Micromonas 

species revealed that despite the commonalities observed, major differences were 

detected in transcriptional patterns of genes related to nitrogen transport and 

assimilation. Moreover, our study identifies a number of transcription factors that 

appear to increase specifically under nitrogen depletion as compared to stationary 

phase controls. Futures studies on other stressors (e.g. other nutrients) as well as 

studies under nutrient limitation (steady-state growth) would contribute to find 

genes with transcriptional patterns specifically associate to each stress.  
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SUPPLEMENTAL FIGURE 

 

 
 

 

Figure S4.1. Micromonas pusilla (CCMP1545) log2 (FPKM) distribution in all 

biological replicates over the depletion experiment and refeeding phase. 

 
 

 

 
 

 

Figure S4.2. Percent of total genes within FPKM ranges. Mean percent and 

standard deviation was calculated from percents of all samples within each 

experiment (Micromonas pusilla over the depletion experiment and refeeding 

phase, M. pusilla over the diel cell cycle experiment and Micromonas commoda 

over the depletion experiment and refeeding phase). 
 

 

173



 

 
 

Figure S4.3. For pathways related to photosynthetic machinery and light 

harvesting-like related genes (a) log2 (fold change) of Micromonas pusilla 

(CCMP1545) genes significantly (q < 0.05) up (log2 (fold change) > 1; red) and 

down (log2 (fold change) > -1; blue) in N-deplete treatments on D1 relative to 

controls on D1, is shown. Mean FPKM values across all samples, and mean 

FPKM calculated from biological duplicates of controls and N-deplete treatments 

on D1 is shown for each gene. (b) Log2 (fold change) patterns across all other 

samples. Log2 (fold change) for all genes related to photosynthetic machinery and 

light harvesting-like related genes is shown for samples from different Days (D) 

for controls (Cnt), and N-deplete treatments (-N). rD samples correspond to 

controls and N-deplete treatments after refeeding. 
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Figure S4.4. For carbon transport and metabolism, CAZYmes, peptidoglycan 

biosynthesis, fatty acid metabolism, and nitrogen transport and assimilation 

pathways (a) log2 (fold change) of Micromonas pusilla (CCMP1545) genes 

significantly (q < 0.05) up (log2 (fold change) > 1; red) and down (log2 (fold 

change) > -1; blue) in N-deplete treatments on D1 relative to controls on D1, is 

shown. Mean FPKM values across all samples, and mean FPKM calculated from 

biological duplicates of controls and N-deplete treatments on D1 is shown for each 

gene. (b) Log2 (fold change) patterns across all other samples. Log2 (fold change) 

for all genes related to photosynthetic machinery and light harvesting-like related 

genes is shown for samples from different Days (D) for controls (Cnt), and N-

deplete treatments (-N). rD samples correspond to controls and N-deplete 

treatments after refeeding. 
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Figure S4.5. For flagella and microtubule related genes, meiosis genes and 

transcription factors (a) log2 (fold change) of Micromonas pusilla (CCMP1545) 

genes significantly (q < 0.05) up (log2 (fold change) > 1; red) and down (log2 (fold 

change) > -1; blue) in N-deplete treatments on D1 relative to controls on D1, is 

shown. Mean FPKM values across all samples, and mean FPKM calculated from 

biological duplicates of controls and N-deplete treatments on D1 is shown for each 

gene. (b) Log2 (fold change) patterns across all other samples. Log2 (fold change) 

for all genes related to photosynthetic machinery and light harvesting-like related 

genes is shown for samples from different Days (D) for controls (Cnt), and N-

deplete treatments (-N). rD samples correspond to controls and N-deplete 

treatments after refeeding. 
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Figure S4.6. Micromonas commoda (RCC299) log2 (FPKM) distribution in all 

biological replicates over the depletion experiment and refeeding phase. 
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Figure S4.7. For pathways related to photosynthetic machinery and light 

harvesting-like related genes (a) log2 (fold change) of Micromonas commoda 

(RCC299) genes significantly (q < 0.05) up (log2 (fold change) > 1; red) and down 

(log2 (fold change) > -1; blue) in N-deplete treatments on D2 relative to controls 

on D1, is shown. Mean FPKM values across all samples, and mean FPKM 

calculated from biological duplicates of controls and N-deplete treatments on D2 

is shown for each gene. (b) Log2 (fold change) patterns across all other samples. 

Log2 (fold change) for all genes related to photosynthetic machinery and light 

harvesting-like related genes is shown for samples from different Days (D) for 

controls (Cnt), and N-deplete treatments (-N). rD samples correspond to controls 

and N-deplete treatments after refeeding. 
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Figure S4.8. For carbon transport and metabolism, fatty acid metabolism, and 

nitrogen transport and assimilation pathways (a) log2 (fold change) of Micromonas 

commoda (RCC299) genes significantly (q < 0.05) up (log2 (fold change) > 1; red) 

and down (log2 (fold change) > -1; blue) in N-deplete treatments on D2 relative to 

controls on D1, is shown. Mean FPKM values across all samples, and mean 

FPKM calculated from biological duplicates of controls and N-deplete treatments 

on D2 is shown for each gene. (b) Log2 (fold change) patterns across all other 

samples. Log2 (fold change) for all genes related to photosynthetic machinery and 

light harvesting-like related genes is shown for samples from different Days (D) 

for controls (Cnt), and N-deplete treatments (-N). rD samples correspond to 

controls and N-deplete treatments after refeeding. 
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Figure S4.9. For core cell cycle, flagella and microtubule related genes and 

transcription factors (a) log2 (fold change) of Micromonas commoda (RCC299) 

genes significantly (q < 0.05) up (log2 (fold change) > 1; red) and down (log2 (fold 

change) > -1; blue) in N-deplete treatments on D2 relative to controls on D1, is 

shown. Mean FPKM values across all samples, and mean FPKM calculated from 

biological duplicates of controls and N-deplete treatments on D2 is shown for each 

gene. (b) Log2 (fold change) patterns across all other samples. Log2 (fold change) 

for all genes related to photosynthetic machinery and light harvesting-like related 

genes is shown for samples from different Days (D) for controls (Cnt), and N-

deplete treatments (-N). rD samples correspond to controls and N-deplete 

treatments after refeeding. 
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CHAPTER 5 

 

Conclusions 
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     The research performed in this dissertation contributes to the knowledge of 

phytoplankton population dynamics in oligotrophic and mesotrophic sites in the 

north Pacific eastern boundary current system, and highlights the importance of 

prasinophytes in the mesotrophic sites studied. Moreover, this thesis includes the 

first study addressing the effects of nitrogen depletion on growth, cell parameters, 

and whole-genome transcriptional responses in the prasinophyte Micromonas. 

     The studies identified key phytoplankton communities, their growth rates, 

mortality rates, and biomass production linked to distinct abiotic environmental 

parameters (Chapter 2). This work focused primarily on mesotrophic sites in the 

dynamic transition zone of the California Current System, where we found that 

eukaryotic phytoplankton account for the highest contributions to total 

phytoplankton biomass production. Moreover, we emphasized the complexity of 

these regions as we identified two modalities within the mesotrophic sites; each 

modality with different biomass production that appear to be driven by distinct 

phytoplankton communities and physic-chemical parameters. The highest 

biomass production was found in a mesotrophic high modality (MHM) where 

salinity, nitrate and phosphate concentrations are higher and temperature is lower 

compared to the mesotrophic low modality (MLM). In particular, this chapter 

shows the importance of Ostreococcus clade OI (class II prasinophyte) in the 

MHM, and the higher relative contributions of another prasinophyte (uncultured 

prasinophyte class VIII) and the stramenopile Pelagomonas in the MLM. These 

findings contribute to confirm the importance of picoeukaryotes phytoplankton 

(Worden and Not, 2008; Cuvelier et al., 2010; Massana, 2011; Shi et al., 2011; 

Simmons et al., 2015) and their contributions to biomass and primary production 
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in the ocean (Li, 1994a; Shalapyonok et al., 2001; Li et al., 2009a; Buitenhuis et 

al., 2012) and particularly in these mesotrophic regions (Worden, 2004, 2006; 

Demir-Hilton et al., 2011; Ottesen et al., 2013; Rii et al., 2016) where 

picoeukaryotes phytoplankton might outcompete larger organisms (e.g. diatoms) 

that may be iron limited in these regions (Biller and Bruland, 2014). Future 

research is needed to expand our understanding on the environmental factors that 

influence these distinct communities and their responses to changes in the short 

and long term, such as seasonality, El Niño-Southern Oscillation (ENSO), and 

climate change. Our results show that nitrate appears to be an important nutrient 

in the MHM, but testing other factors would be essential. In addition to bottom-

up controls of phytoplankton productivity (e.g. by nutrients inputs), we observed 

variable mortalities (e.g. top-down control by grazers), with particularly low 

mortality rates of the cyanobacteria Synechococcus. In the future, studies that 

determine who is eating who and at what rate, will help us understand how our 

findings may impact food web dynamics and biogeochemical cycles in the ocean. 

     Controlled laboratory experiments are helpful for interpreting in situ 

observations. Hence, to expand our knowledge of prasinophyte responses to 

environmental stresses, in chapter 3 and 4 Micromonas was used as a model 

organism to investigate the effects of nitrogen depletion and recovery from this 

stress in laboratory experiments. Over these experiments, changes in growth and 

cellular parameters of three Micromonas species from divergent clades were 

determined (Chapter 3). For the three Micromonas studied in chapter 3, our 

results revealed common responses to nitrogen depletion and recovery from this 

stress, suggesting that in the ocean, these species may survive in the absence of 
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nitrogen for 3-4 days (despite exhibiting very low or no growth relative to 

controls) and, if nitrogen is resupplied in the system, these species recover within 

two days. However, for the polar isolate (Micromonas CCMP2099) (Lovejoy et 

al., 2006; Monier et al., 2015; Simmons et al., 2015), the refeeding phase was 

terminated after one day of nitrate amendment, so we were not able to determine 

if N-deplete treatments would have recovered as they did for the other species. 

Further analysis with this isolate would help us understand their recovery. 

Considering the changes occurring in the Arctic that are currently affecting 

phytoplankton communities, and reported a increase in picoplankton abundance 

(in particular Micromonas) in the Canadian Arctic (Li et al., 2009a), it is 

important to understand how nitrogen depletion (and limitation) may impact the 

polar Micromonas. An increase in stratification in Arctic waters as well as lower 

latitude systems will alter nutrient supplies to the surface ocean.  

     The other two Micromonas (M. commoda and M. pusilla) examined in 

chapters 3 and 4, coexist in the ocean (Foulon et al., 2008; Worden and Not, 

2008; Simmons et al., 2015), but there is evidence of disparate abundance 

contributions (Foulon et al., 2008) and large evolutionary distance between them 

(Slapeta et al., 2006; Worden, 2006; Worden et al., 2009; van Baren et al., 2016). 

This suggests possible adaptations to different ecological niches (e.g. niches 

given by variability in nutrient concentrations, such as nitrogen). To understand if 

nitrogen is an environmental factor that supports niche differentiation in 

Micromonas, further analysis should explore growth performance under the same 

environmental conditions (e.g. same temperature, irradiance and medium) and 

expand these experiments with other Micromonas strains. Our results showed that 
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M. commoda and M. pusilla had similar growth responses under the same culture 

conditions in L1-medium experiments, suggesting that nitrate is unlikely to be a 

factor that supports niche differentiation in these clades. However higher growth 

rates were observed in M. commoda grown in K-medium and higher temperature. 

Further studies should investigate the temperature optima of these species to 

determine if M. commoda could outcompete M. pusilla at higher temperatures. 

We then examined the whole-genome transcriptional responses of the two of M. 

commoda and M. pusilla that have their whole genome sequenced (Worden et al., 

2009; van Baren et al., 2016) (Chapter 4). These studies showed that M. 

commoda and M. pusilla also show similarities in transcriptional responses to N-

depletion still, major differences were observed for some genes related to 

nitrogen transport and assimilation. This suggests that under nitrogen depletion 

these species may still have different strategies to overcome this stress, thus 

nitrogen could potentially play a role in niche differentiation. It is also important 

to emphasize the need to improve these studies by the incorporation of multiple 

approaches that could help us unravel these strategies, such as the combination of 

transcriptional and proteomic responses with analysis of changes in 

photosynthetic efficiency, changes in carbon and nitrogen allocation and its 

effects on elemental stoichiometry. Furthermore, it is essential to integrate these 

approaches into prasinophyte responses under steady state nitrogen limited 

growth. So far, only one study investigated M. commoda responses under steady 

state nitrogen limited growth and found that in contrast to responses of 

Dunaliella tertiolecta (Chlorophyceae), Thalassiosira weissflogii 

(Bacillariophyceae) and the lagoonal prasinophyte Ostreococcus tauri, M. 
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commoda exhibited high energy conversion efficiency despite nitrogen limited 

growth (Halsey et al., 2014). These finding suggest a distinct strategy in M. 

commoda that may or may not be species-specific. Further studies could help us 

understand species-specific strategies in contrast to strategies at other levels, such 

as genus or a class level.  

     A number of patterns were identified, that may be specific to nitrogen 

depletion (when compared to patterns observed in stationary phase controls) that 

could potentially be used as molecular markers of nitrogen stress in field studies. 

Yet, it is important to test other culture conditions in order to identify 

transcriptional patterns specifically associate to each stress, as well as expand 

these studies to other prasinophytes. We also emphasized the importance of 

determining the transcriptional responses of homologous genes within each 

species, and using these findings to interpret field studies (e.g. analyses of in situ 

marine metatranscriptomes). This is important because inference of nitrogen stress 

or nitrogen transport and utilization (e.g. ammonium versus nitrate acquisition) based on 

gene expression must be performed with attention to the specific genes under study and 

the diel cycle. More specifically, in each Micromonas species we identified a 

number of ammonium transporters (AMTs) that may be good indicators of 

nitrogen depletion in the ocean, whereas other AMTs do not change significantly 

under nitrogen depletion. Similar observations of different transcriptional 

responses, regulation and substrate affinities of multiple AMTs copies have been 

demonstrated in other algae and plants (D'Apuzzo et al., 2004; Gonzalez-

Ballester et al., 2004; Hildebrand, 2005; Couturier et al., 2007; Bender et al., 

2014; Rogato et al., 2015).  We also identified a set of transcription factors (TFs) that 
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showed higher relative transcript abundance under nitrogen depletion and not in 

stationary phase controls. These TFs may be important in Micromonas transcriptional 

regulation under nitrogen depletion. Efforts on identifying the targeted genes that these 

TFs interact with would help on our understanding of regulatory networks in 

prasinophytes. Additionally, our results contribute to emerging evidence that 

Micromonas may reproduce sexually (Worden et al., 2009) in addition to asexual 

reproduction. We observed an increase in transcript abundance of M. pusilla genes 

related to meiosis as well as an increase in a gene potentially involved in flagella 

adhesion during mating and a homeodomain TF, possibly involved in the regulation of 

zygote differentiation. This or similar genes have been demonstrated to be involved in 

Chlamydomonas sexual reproduction (Goodenough et al., 2007). Further 

experimentation with other stressors and potential mating types might give us insights 

into possible factors that may trigger sexual reproduction. 

     Overall, this thesis contributes to our understanding of phytoplankton population 

dynamics, especially prasinophytes, using a combination of approaches to identify 

Micromonas responses to nitrogen depletion. It is the first robust study on whole-genome 

transcriptional responses to N-depletion for the Micromonas genera and the 

prasinophytes as a whole. Based on these results we gain insights into the key players in 

mesotrophic sites of the central California Current system and on the molecular 

mechanisms involved in the physiological changes experienced by Micromonas under 

nitrogen depletion.  
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