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Summary17 

Protists have fundamental ecological roles in marine environments and their diversity is being 18 

increasingly explored, yet little is known about the quantitative importance of specific taxa in 19 

these ecosystems. Here we optimised a newly developed automated system of image 20 

acquisition and image analysis to enumerate minute uncultured cells of different sizes targeted 21 

by fluorescence in situ hybridization. The automated counting routine was highly 22 

reproducible, well correlated with manual counts, and was then applied on surface and DCM 23 

samples from the Malaspina 2010 circumnavigation. The three targeted uncultured taxa 24 

(MAST4, MAST7 and MAST1C) were found in virtually all samples from several ocean 25 

basins (Atlantic, Indian and Pacific) in fairly constant cell abundances, following typical 26 

lognormal distributions. Their global abundances averaged 49, 23 and 7 cells ml1, 27 

respectively, and altogether the three groups accounted for about 1020% of heterotrophic 28 

picoeukaryotes. Our innovative highthroughput cell counting routine allows for the first time 29 

a direct assessment of the biogeographic distribution of small protists (< 5 µm) and shows the 30 

ubiquity in sunlit oceans of three bacterivorous taxa, suggesting their key roles in marine 31 

ecosystems. 32 

33 
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Introduction  34 

Protists are critical components of marine systems, largely contributing to biogeochemical 35 

processes and ecosystem functioning as major players in primary production, nutrient cycling, 36 

and foodweb dynamics (Sherr and Sherr, 2008; Worden et al., 2015). In particular, pico and 37 

small nanosized heterotrophic protists (15 µm) are important mortality agents of planktonic 38 

prokaryotes and thus link prokaryotic biomass with upper trophic levels (Jürgens and 39 

Massana, 2008). A key component of this functional group are the MArine STramenopiles 40 

(MASTs), initially detected in molecular diversity surveys and formed by at least 18 41 

independent lineages of essentially uncultured protists (Massana et al., 2014). Some MAST 42 

lineages have shown active bacterivory (Massana et al., 2009; Piwosz et al., 2013) and a 43 

widespread distribution in sequencing datasets (Lin et al., 2012; Logares, et al., 2012; 44 

Seeleuthner et al., 2018). Furthermore, MAST cells may be of quantitative importance and 45 

one group in particular, MAST4, averaged 9% of the picosized heterotrophic protists in a 46 

sparse set of marine surface samples, being proposed as the most abundant heterotrophic 47 

protist in the oceans (Massana et al., 2006). Unfortunately, despite the apparent importance of 48 

MAST cells, our knowledge of their biogeographic distribution is still very incomplete. 49 

Since the beginning of the 21st century, technological progresses in molecular ecology have 50 

substantially boosted our understanding of the biogeography of eukaryotic microbes. High51 

Throughput Sequencing (HTS) surveys, allowing the parallel analysis of multiple samples, 52 

have been very successful in unveiling the patterns of the small protists community structure 53 

at various spatial and temporal scales (AmaralZettler et al., 2009; Lepère et al., 2013; 54 

Mangot et al., 2013; de Vargas et al., 2015; Massana et al., 2015). These approaches, 55 

however, are intrinsically limited in revealing protist abundances. Even though HTS surveys 56 

may provide reasonable relative quantitative estimates (Mangot et al., 2013; Giner et al., 57 
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2016), it is known that these may deviate significantly from true cell abundances (Medinger et 58 

al., 2010). Perhaps their most critical drawback is the large variation in the ribosomal (r)DNA 59 

operon copy number among protist taxa, which in microbial eukaryotes can vary by several 60 

orders of magnitude and is roughly correlated with cell size (Zhu et al., 2005) and genome 61 

size (Prokopowich et al., 2003). These large differences, from a few copies per cell in some 62 

green algae to several thousands in some dinoflagellates or ciliates (Zhu et al., 2005; Vd’ačný 63 

et al., 2012), will indeed influence the interpretation of the relative abundance of protist taxa 64 

in DNA surveys (Medinger et al., 2010). Consequently, manual cell counting under the 65 

microscope is still the method of choice to quantify microbial eukaryotes. 66 

Since microscopic counting is time consuming and operatordependent, tools have been 67 

developed to automate some steps, with significant advances in image analysis (Bloem et al., 68 

1995; Singleton et al., 2001; Abràmoff et al., 2004; Selinummi et al., 2005; Thiel and Blaut, 69 

2005; Zhou et al., 2007) and image acquisition with a motorized microscope (Pernthaler et 70 

al., 2003). The latter automated system has been applied to quantify specificlabelled 71 

prokaryotic taxa with fluorescence in situ hybridization (FISH) in thousands of samples from 72 

laboratory experiments (Pernthaler et al., 2003) and oceanographic surveys (Schattenhofer et 73 

al., 2009). Further developments of the system have been made to minimize human 74 

intervention (Zeder and Pernthaler, 2009; Zeder et al., 2011) and to facilitate and speed the 75 

whole process (Bennke et al., 2016). So far, this automated counting system has only been 76 

used for prokaryotes, and its application to count protist cells requires some adjustments, as 77 

protist are orders of magnitude less abundant than their prokaryotic counterparts. 78 

In the present work, we optimized the above automated cell counting system on three 79 

uncultured protist taxa of different cell size, MAST1C (~5 µm) and MAST4 and MAST7 80 

(~2 µm). These groups were selected because they are widely found in sequencing surveys 81 
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and FISH probes are already publicly available for their detection (Massana et al., 2002, 82 

2006; Giner et al., 2016). We first optimized the counting routine for pico and 83 

nanoeukaryotes using coastal and enrichment samples from past projects. Then, we applied 84 

this method on the Malaspina 2010 circumglobal expedition where 129 stations were sampled 85 

at two depths in the photic zone of the Atlantic, Indian and Pacific Oceans (Supporting 86 

Information Fig. S1). We show here the spatial distribution of the three MAST groups in 87 

parallel with that of small pigmented and colourless protists (< 5 µm) and report their ubiquity 88 

and constancy in cell numbers. Our approach constitutes the first attempt to describe the 89 

abundance of several small protist components in epipelagic oceanic waters using stateof90 

theart automated microscopy. 91 

92 

Results  93 

Optimizing the automated image acquisition and analysis for FISH counts 94 

To calibrate the automated enumeration approach for small protists, we selected samples from 95 

past coastal surveys (Giner et al., 2016) and enriched natural communities (del Campo et al., 96 

2013). The manually counted abundances of MAST1C varied from 0 to 304 cells ml1 97 

(median = 6) while MAST4 densities ranged from 4 to 1145 cells ml1 (median = 261; 98 

Supporting Information Table S1). We first identified the settings for the best distinction 99 

between true FISHpositive cells and undesired signal by combining DAPI and FISH images. 100 

FISHpositive cells were those fulfilling the following criteria: 1) an object area between 100 101 

and 2000 pixels and a MGVp90 (mean grey value of the darker pixels) > 200 in the DAPI 102 

image, 2) an object area between 300 and 3000 pixels, an SBR (signal background ratio) >3 103 
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and a MGVp90 > 250 in the FISH image, and 3) an object overlap between DAPI and FISH 104 

images >75%.  105 

Then we evaluated the number of fields of view (FOVs) needed to reach an accurate estimate 106 

by plotting the mean cell abundance and its standard error obtained by increasing the number 107 

of FOVs considered. We illustrated this with MAST4 counts obtained in three coastal 108 

samples with contrasting cell abundances (Supporting Information Fig. S2). The sample with 109 

the highest MAST4 density required less images to have an accurate cell count. In the sample 110 

with the lowest abundance, a fairly constant estimate was obtained after considering 200 111 

FOVs. Similarly, about 180 FOVs were required to obtain a reliable estimate of MAST1C 112 

abundance (Supporting Information Fig. S2). 113 

Validation of the automated enumeration of small protists 114 

We compared the automated counts of MAST1C and MAST4 cells with published manual 115 

counts (Supporting Information Table S1). Manual and automated MAST4 counts for coastal 116 

and enrichment samples analysed separately (data not shown) and together were strongly 117 

correlated (r = 0.966, P < 0.001; Fig. 1A). MAST1C counts displayed similar results (r = 118 

0.996, P < 0.001; Fig. 1B). Despite these good correlations, the slopes of the linear regression 119 

were significantly greater than 1 (about 1.3 in both cases), indicating a slight underestimation 120 

of automated counting (Figs. 1A and 1B). In order to understand this, we counted MAST cells 121 

by visually inspecting the acquired images, avoiding then the image analysis step. In doing so, 122 

we observed a strong and significant correlation between automated counts and those derived 123 

from manually inspecting the images in both MAST4 (r = 0.991, P < 0.001; Fig. 1A) and 124 

MAST1C counts (r = 0.999, P < 0.001; Fig. 1B). Although still significantly greater than 1, 125 

the slopes were a bit smaller than before (~1.1 in both cases), indicating that the visual 126 

inspection of the images allowed to detect few cells missed by the image analysis (Figs. 1A 127 
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and 1B). These “missed” cells were explained by two main factors: i) the overlap of two or 128 

more FISHpositive cells that create an object area beyond the limits defined for a single cell 129 

and ii) FISHpositive cells placed at the image edge and escaping automated detection. 130 

Next, we investigated the replicability of the automated counting by performing independent 131 

image capture sets (different FOVs) on the same filter section. Triplicate counts on MAST4 132 

cells in coastal samples covering a broad range of cell densities performed very well, as 133 

shown by the small standard errors in each sample (Supporting Information Fig. S3). 134 

Coefficients of variation (CV) were typically below 10% for samples above 35 cells ml1 and 135 

were larger and variable for lowabundance samples, ranging from 47% (Varna’10 DCM, 28 136 

cells ml1) to 111% (Varna’10 Anoxic, 4 cells ml1). 137 

The previous analysis showed that a given filter section yielded a consistent value, but 138 

another section from the same filter could provide a different estimate if cell distribution was 139 

uneven. Thus, we investigated the distribution of MAST4 and MAST7 cells on entire filters 140 

by processing about 3000 FOVs per filter (~15% of the total area). The abundance of both 141 

groups differed in the test sample (380 cells ml1 for MAST4 and 60 cells ml1 for MAST7) 142 

but their respective cells were evenly distributed in the entire filters (Fig. 2A). This was 143 

illustrated by calculating cell abundance in 10 virtually cut filter sections (Fig. 2A). In each 144 

virtual section, the abundance of MAST4 varied from 315 to 427 cells ml1, while that of 145 

MAST7 ranged from 49 to 68 cells ml1. This represented CV of 9.5% for MAST4 and 9.2% 146 

for MAST7, variation which became smaller when only five or two virtual filter sections 147 

were considered (Fig. 2B). 148 

Epipelagic abundance of picosized and small nanosized protists over the oceans 149 
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We aimed to count phototrophic and heterotrophic eukaryotes smaller than 5 µm by standard 150 

epifluorescence microscopy in all epipelagic stations visited during the Malaspina 151 

circumglobal expedition, but some preparations had lost the chlorophyll red autofluorescence 152 

during storage and were not processed. In the end, we obtained counts for 94 surface samples 153 

and 114 DCM (Deep Chlorophyll Maximum) samples (Table 1). Overall, small protists were 154 

ubiquitous and exhibited only minor variations in cell abundance, with averaged values of 155 

1942 (± 166) cells ml1 at surface and 5227 (± 507) cells ml1 at DCM depths (Table 1). 156 

Pigmented and colourless cells also showed this constancy in abundance in both depths (Fig. 157 

3A). In general, heterotrophs were less abundant than phototrophs both at surface (mean of 158 

385 vs 1557 cells ml1) and DCM depths (mean of 799 vs 4440 cells ml1) (Table 1). 159 

Consequently, the heterotrophic community accounted on average for 2025% of total small 160 

eukaryotes in the sunlit water (Fig. 3B). When comparing the two depths, about 23 times 161 

more cells were detected at the DCM than at surface (Fig. 3A, Table 1). As expected, 162 

phototrophic cells represented a larger proportion of small protists (~85%) at the DCM (Fig. 163 

3B). The abundances of small protists also exhibited slight variations when considering the 164 

different oceans and geographical regions visited during the cruise (Supporting Information 165 

Fig. S1). Globally, phototrophs and heterotrophs were more abundant in the Pacific Ocean 166 

with, respectively, about 1.4 and 1.9 times more cells in these waters (Table 1). They notably 167 

reached highest abundances in the North Pacific, where they averaged 9332 phototrophs ml1 168 

and 1290 heterotrophs ml1 (Table 1, Supporting Information Table S2). On the other hand, 169 

lowest abundances of both phototrophs and heterotrophs were found in the Indian and South 170 

Atlantic Oceans (Table 1, Supporting Information Table S2).  171 

Automated counts of three MAST lineages at a wide geographical scale 172 
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We obtained automated counts of three MAST lineages in surface (n=128) and DCM (n=122) 173 

samples taken during the Malaspina cruise. The three taxa were found in almost all samples as 174 

we were unable to detect MAST1C, MAST4 and MAST7 cells in only 4, 7 and 20 175 

epipelagic samples, respectively (Supporting Information Table S2). Globally, the two 176 

epipelagic layers displayed very similar averaged abundances: 7 (± 1) and 6 (± 1) cells ml1 177 

for MAST1C, 51 (± 5) and 47 (± 6) cells ml1 for MAST4 and 24 (± 3) and 22 (± 2) cells ml178 

1 for MAST7 in surface and DCM, respectively (Table 1). Despite similar cell numbers of 179 

the three groups in the two depths (Fig. 3C), their contribution to total heterotrophic protists 180 

was larger at the surface than at the DCM (Fig. 3D). The averaged proportions of MAST1C, 181 

4 and 7 cells with respect to total heterotrophs were 2.4, 15.8 and 6.6% at the surface, and 182 

1.0, 6.9 and 3.1% at the DCM (Fig. 3D). Altogether, the three MAST groups can locally reach 183 

very high contributions, with a maximal value of 85.3% of heterotrophs in a surface sample of 184 

the Equatorial Pacific (Fig. 4A).  185 

With respect to their geographic distribution, the three MAST groups displayed slight 186 

differences (Table 1, Figs. 4C and 4D). MAST1C, the least abundant of the three groups, 187 

maintained relative similar abundances at the three visited oceans, while MAST4 and 188 

MAST7 were locally variable (Table 1, Figs. 4C and 4D). MAST4 exhibited highest 189 

abundances in the Indian Ocean (near the African coast) both at surface (264 cells ml1) and 190 

DCM waters (503 cells ml1), whereas MAST7 was more abundant in the North Pacific, with 191 

maximal values of 171 cells ml1 recorded at surface and 152 cells ml1 at the DCM (Figs. 4C 192 

and 4D). Nevertheless, these peaks were uncommon and MAST4 and MAST7 abundances 193 

remained relatively stable and within a relatively small range over the cruise (Table 1, Figs. 194 

4C and 4D).  195 
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Abundance spectra and factors explaining the global distribution of small eukaryotes and 196 

MASTs  197 

We explored the abundance spectra of small protists and the three MASTs groups in the 198 

epipelagic zone (surface and DCM combined) by comparing their logarithmic abundances 199 

with a set of statistical distribution models. Globally, we observe that all groups better fitted 200 

to normallike models (bellshaped curve), with yet slight differences in the width of the bell 201 

expressed by the standard deviation (σ) estimate (Fig. 5). The logarithmic abundance spectra 202 

of both phototrophic and heterotrophic protists followed a unimodal gamma distribution, with 203 

a wider variation in phototrophs (σ = 0.39) than in heterotrophs (σ = 0.29) (Fig. 5A). 204 

Regarding the MASTs, MAST4 followed a normal distribution while MAST1C and MAST205 

7 better fitted to a Weibull distribution (Fig. 5B). The width of the bell also varied among 206 

groups, with MAST4 and 7 showing a wider dispersion (σ = 0.510.53) than MAST1C (σ = 207 

0.33). In normal distributions most values (~68% for a standard normal model) are within one 208 

standard deviation of the mean. Applying this to our data, it shows that the abundance of 209 

small protists and MASTs in the sunlit ocean generally varied within one order of magnitude 210 

(Fig. 5). 211 

We further performed a constrained ordination analysis (redundancy analysis, RDA) to 212 

explore whether the abiotic and biotic variables collected during the cruise could explain the 213 

variations in abundance of small phototrophic and heterotrophic eukaryotes and of the three 214 

MAST groups (Supporting Information Fig. S4). With respect to the small protists, a minor 215 

part of the variability (24.8%) was explained by the first two axes (adjusted R2 = 0.246, P < 216 

0.001; Supporting Information Fig. S4A). The factors that better explained the variations in 217 

phototrophic abundances were the concentration of chlorophyll a and phosphate, while 218 

changes in heterotrophic abundances were related to water temperature (Supporting 219 
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Information Fig. S4A). On the other hand, the RDA analysis conducted on the three MAST 220 

groups revealed a nonsignificant correlation with environmental parameters (adjusted R2 = 221 

0.014, P = 0.07; Supporting Information Fig. S4B). 222 

Finally, we explored the relationship between the abundances of MAST4 and MAST7 in 223 

each sample (Supporting Information Fig. S5) to see whether they compete for the same 224 

ecological niche or if they follow the same environmental drivers, as these taxa have a similar 225 

cell size. These two taxa showed a weak but significant positive correlation when combining 226 

all samples (r = 0.41, P < 0.001, n=250; Supporting Information Fig. S5B). Considering each 227 

ocean separately (Supporting Information Fig. S5A), the relationship was very strong in the 228 

Indian Ocean (r = 0.77, P < 0.001, n=65), less clear in the Atlantic Ocean (r = 0.51, P < 229 

0.001, n=109), and absent in the Pacific Ocean (r = 0.11, P = 0.33, n=76). The slope of the 230 

linear regression was ~1 in the Atlantic and ~2 in the Indian Ocean (Supporting Information 231 

Fig. S5A), meaning that MAST4 was equal or twice more abundant than MAST7 in these 232 

oceans.  233 

234 

Discussion235 

A high-throughput automated cell counting mastered for pico- and nanoeukaryotes  236 

In this study, we tested and optimized an automated image acquisition and image analysis 237 

system for the enumeration of planktonic pico and nanoeukaryotes. Test samples covered the 238 

broad range of cell densities typically found in marine systems (from 1 to 103 cells ml1) and 239 

included enrichment samples with different microbial life stages that might have variable 240 

rRNA content. Our routine provided accurate counts with both natural and enrichment 241 

samples, likely because we used an enzymatic signal amplification step during TSAFISH 242 
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that increased 2040 times the fluorescence intensity of target cells (Schönhuber et al., 1997; 243 

Biegala et al., 2003). Overall, we propose a consensus of settings for enumerating FISH244 

positive cells, both picosized (MAST4 and MAST7) and nanosized (MAST1C), which 245 

appear of similar size (~700 pixels per cell) when acquired at different magnifications. We 246 

believe that this approach can be applied to other small eukaryotes.  247 

In contrast to prokaryotic taxa that require about 10 highquality images to obtain statistically 248 

relevant counts (Bennke et al., 2016), many more images are needed to estimate protist 249 

abundance. We showed that acquiring about 200 highquality images was sufficient for an 250 

accurate estimation of the abundance of nanosized or picosized eukaryotes. This is consistent 251 

with the area inspected during manual epifluorescence microscopic counting of small 252 

eukaryotes (Pernice et al., 2015), often based in a transect of about 20 mm at 1000x (i.e., 200 253 

FOVs). We also analysed the distribution of cells on an entire membrane filter. The relative 254 

homogeneous cell distribution on the filter supports the practice of using a filter section for 255 

FISH. Commonly, 25 mm membranes are cut in 812 sections to perform separate counts of 256 

microbial taxa by FISH (Not et al., 2002; Karl, 2007), and we show here that counts 257 

performed with separate filter sections are reasonably similar. 258 

Besides its replicability and accuracy, the automated counting is faster and saves time for the 259 

operator. Once filter sections are hybridized, up to 100 samples per week can be processed by 260 

the automated image acquisition and analysis, while a single expert operator dedicating 6 261 

hours a day on manual counting would process up to 30 samples per week. This system opens 262 

up new possibilities of addressing the global abundance of specific microbial taxa, as 263 

exemplified here with the samples from the Malaspina global expedition (Duarte, 2015). Our 264 

automated routine is well suited to count FISHlabelled microbial cells that have regular 265 

object properties and allows assessing cell biovolumes as well, as reports of parameters useful 266 
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for this calculation (object area, perimeter and circularity) are generated for each recognized 267 

cell. Our automated method can also be adapted to dual FISH assays, which couples the 268 

quantification of predator/prey and parasite/host populations, as long as homogenous cell 269 

characteristics can be defined in the groups of interest. Therefore, it has a high potential to 270 

assess specific functional diversity and responses of specific grazers or parasites in natural 271 

environments. In the future, we envision the application of our automated method to count the 272 

whole small protist community, a more difficult task as this includes a mix of cells with 273 

variable size, shape and pigmentation, making harder the generalization of object features for 274 

image analysis. Meanwhile, the method of choice to quantify phototrophic and heterotrophic 275 

cells is still manual counting.  276 

Worldwide distribution of epipelagic small protists and MASTs 277 

The unprecedented scale and geographical coverage of our sampling effort allowed a 278 

comprehensive investigation of the abundance of small protists and three of their constituting 279 

taxa in the epipelagic zone of the three main oceans. The abundance and relative contribution 280 

of phototrophic and heterotrophic protists in the two layers was within the range previously 281 

observed: 0.3  8.0 x 103 at surface and 0.6  46.0 x 103 cells ml1 at DCM for phototrophs, 282 

and 0.1  2.0 x 103 at surface and 0.2  5.0 x 103 cells ml1 at DCM for heterotrophs, the latter 283 

representing 1030% of protists in upper marine waters (Sanders et al., 2000; Jürgens and 284 

Massana, 2008; Lepère et al., 2009; Li, 2009; Cabello et al., 2016). Despite some spots of 285 

exceptionally high abundances, particularly in the North Pacific, a relative constancy of these 286 

communities along the cruise track was evident, and this could be explained by the relative 287 

uniformity of hydrological conditions. Thus, temperature at both surface and DCM depths 288 

averaged 22.7°C (CV = 17.3%) and salinity averaged 35.7 psu (CV = 2.4%) (Supporting 289 

Information Table S2). One reason for such uniformity is that about 75% of the stations were 290 
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in the Trades Biome (Supporting Information Fig. S1), known as having a strong permanent 291 

thermocline and a weak seasonality (Longhurst, 2007).  292 

Within heterotrophic protists, we investigated the abundance in the epipelagic global ocean of 293 

three uncultured MAST groups with the automated counting approach. The three groups 294 

showed a ubiquitous distribution (present in >90% of the samples) and only slight variations 295 

in cell abundances. With ~50 cells ml1 on average, MAST4 was the most abundant of the 296 

three taxa and accounted for 15.8% of heterotrophic cells at surface and 6.9% at DCM. 297 

Previous studies reported the absence of MAST4 cells in waters colder than 5°C (Massana et 298 

al., 2006; RodríguezMartínez et al., 2009) and the impact of temperature in the distribution 299 

patterns of MAST4 subclades (RodríguezMartínez et al., 2013; Seeleuthner et al., 2018). 300 

We did not find an effect of temperature on MAST4 spatial dynamics, probably due to the 301 

narrow range of the water temperature sampled here (Supporting Information Table S2). Our 302 

data supports, with a much larger sampling effort, previous observations of MAST4 being 303 

widespread and abundant in surface waters (Massana et al., 2006). Thus, MAST4 is 304 

confirmed as one of the most abundant heterotrophic protist taxa in sunlit oceans, where it 305 

likely plays an important role in foodweb dynamics and nutrient remineralization as a 306 

bacterial grazer (Massana et al., 2006, 2009).  307 

The second most abundant group was MAST7, which averaged 2224 cells ml1 and 308 

represented 6.6 % of heterotrophic cells at surface and 3.1% at DCM. A recent study (Giner et 309 

al., 2016) showed higher cell densities in coastal samples (160 cells ml1 on average) and our 310 

study is the first investigating its abundance in the open sea. Little is known about the 311 

ecological role of MAST7 and, to the best of our knowledge, only one study has caught a 312 

glimpse of its activity as a putative Prochlorococcus grazer (FriasLopez et al., 2009). Given 313 

the similar small size and phylogenetic proximity with MAST4, known to be bacterivorous 314 
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(Massana et al., 2002, 2009) and occasionally picoalgivorous (Massana et al., 2009), it is 315 

likely that MAST7 is a bacterial grazer as well. MAST7 and 4 cells were positively 316 

correlated, especially in the Indian and Atlantic Oceans, confirming that they follow the same 317 

environmental drivers and suggesting that competition among them was not a major driving 318 

force. Finally, MAST1C was also ubiquitous but at lower densities than the other two taxa 319 

(<10 cells ml1). This group represented 2.4% (surface) to 1.0% (DCM) of heterotrophic 320 

protists, values similar to those previously reported in temperate waters (Massana et al., 321 

2006). Much higher cell abundances (up to 200 cells ml1) were reported in Antarctic waters 322 

(Massana et al., 2006), showing a putative preference of MAST1C for cold waters. Although 323 

it is assumed that most MAST clades are freeliving bacterivorous flagellates (Piwosz et al., 324 

2013; Massana et al., 2014), we haven’t yet observed any significant correlation between their  325 

spatial dynamics and the total prokaryotic abundance, most likely because the abundance 326 

spectra of marine bacteria in our samples is relatively similar to that observed for the MAST 327 

groups. Seasonal variation of bacterioplankton community structure is well known (Ghiglione 328 

et al., 2005; Mary et al., 2006; Gilbert et al., 2012; Fuhrman et al., 2015) and correlations 329 

between specific bacterial and MAST clades, indicative of putative feeding preferences 330 

among specific MASTs, could be envisioned.  331 

The abundances of phototrophic and heterotrophic protists and of the MAST taxa were 332 

relatively constant along the main oceans investigated, showing a typical unimodal lognormal 333 

distribution (i.e., logtransformed abundances normally distributed). This distribution is 334 

commonly used to describe taxa/species abundance data, and emerges from the multiplicative 335 

interactions of stochastic processes that shape biodiversity (Preston, 1948; McGill et al., 336 

2007; Shoemaker et al., 2017). Specifically, it has been associated to microbial species 337 

abundance curves, where many taxa are rare and a few very abundant, and has allowed to 338 

provide theoretical diversity estimates (Curtis et al., 2002; Prosser et al., 2007). More 339 
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recently, lognormal distributions have been fitted to the abundance profiles of widely 340 

distributed prokaryotic Operational Taxonomic Units (NiñoGarcía et al., 2016). Our findings 341 

show a broader application of the model and suggest that lognormal dynamics underpin the 342 

fundamental nature of microbial communities (Prosser et al., 2007; Shoemaker et al., 2017). 343 

Our data highlights the ubiquity and uniformity in the abundance pattern of several protist 344 

components in sunlit oceans, indicative of high tolerance to putative environmental changes 345 

(NiñoGarcía et al., 2016). Slight differences in the width of the lognormal distribution were 346 

observed among the groups, with abundance values being more dispersed in MAST4 and 347 

MAST7 than in MAST1C, phototrophs and heterotrophs. Indeed, photosynthetic and 348 

heterotrophic protists include many different species, each one responding differently to 349 

variation in environmental conditions (such as the three MASTs groups), but collectively 350 

reacting in unison to these changes. Overall, the fact that small protists and MAST cells have 351 

nearconstant abundances over large oceanic areas indicate that they are part of the microbial 352 

ocean’s veil as defined by Smetacek (2002). Under this scenario, the small size of these 353 

marine components would allow efficient dispersion and fast growth controlled by equally 354 

fastgrowing predators (Smetacek, 2002; Durham et al., 2009; Massana and Logares, 2013). 355 

Along the cruise track, the abundance of small protists and MASTs generally varied by a 356 

factor of 10, similar to the variation observed among bacterial populations. This contrasts 357 

with larger protists like diatoms, dinoflagellates (Brussaard et al., 1996; Leblanc et al., 2012; 358 

Paterson et al., 2017) or ciliates (Vaqué et al., 1997; Santoferrara and Alder, 2009), which 359 

have orders of magnitude variation in their local abundances, exhibiting sporadic blooms in 360 

which growth and mortality are decoupled (Smetacek, 2002). In conclusion, the ubiquity and 361 

nearconstant abundances of small protists and of some of their taxonomic components in 362 

sunlit oceans exemplifies their ecological success and their pivotal role in microbial food 363 

webs. 364 
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 365 

Experimental procedures 366 

Sampling 367 

For the calibration of the automated microscopic cell counting, we used data from past 368 

projects where we did manual FISH counts (Supporting Information Table S1). This includes 369 

natural samples from two depth layers in six coastal European sites from the BioMarKs 370 

consortium (Giner et al., 2016) and modified assemblages of heterotrophic protists from the 371 

Blanes Bay Microbial Observatory (BBMO) (del Campo et al., 2013). In the latter, surface 372 

seawater was prefiltered by 3 µm and incubated in 8L containers for 8 days in the dark, 373 

resulting in the growth and enrichment of heterotrophic picosized protist cells. An extra 374 

surface sample from BBMO was collected on June 6th, 2017 to assess the distribution of cells 375 

on filters.  376 

Samples from the three major oceans (Supporting Information Fig. S1) were collected in 129 377 

stations visited from December 2010 to July 2011 during the Malaspina 2010 expedition 378 

(Duarte, 2015). Two depths (surface and DCM) were sampled with Niskin bottles attached to 379 

a rosette equipped with a Seabird 911Plus CTD probe that measured temperature, 380 

fluorescence and salinity (Supporting Information Fig. S2). Nutrients (nitrate, phosphate and 381 

silicate) were determined as explained in Catalá et al. (2016). Chlorophyll a concentration 382 

was measured with a Turner Designs fluorometer (Estrada et al., 2016) and bacterial 383 

abundance was determined by flow cytometry as described in Lara et al. (2017). Bacterial 384 

biomass and bacterial heterotrophic production (3Hleucine incorporation method) were 385 

determined as explained in Morán et al. (2017).  386 

Epifluorescence microscopy counts by DAPI staining 387 
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Samples for picoeukaryotic cell counts were prefiltered by gravity through a 200 µm nylon 388 

mesh, fixed with icecold glutaraldehyde (1% final concentration), and left for 1 to 24 h in the 389 

dark at 4°C. Then, aliquots of 30 ml were filtered through 0.6 µm poresize black 390 

polycarbonate filters (25 mm diameter; DHI; Hørsholm, Denmark) and stained with 0.5 µg 391 

ml1 DAPI (4’,6diamidino2 phenylindole). Preparations were mounted on a slide with low392 

autofluorescence oil and kept at 80°C. Filters were observed with an epifluorescence 393 

microscope (Olympus BX61, Olympus America Inc., Center Valley, PA, USA) at 1000x 394 

magnification under ultraviolet excitation (360 ± 25 nm) for DAPIstained DNA blue 395 

fluorescence and blue excitation (465 ± 15 nm) for chlorophyll red autofluorescence to 396 

discriminate between pigmented and colourless protists. Counted cells were classified into 397 

three size classes: <3 m, 35 m and >5 m. Data shown here refer to the two smaller 398 

classes (≤5 m), which accounted for the large majority of the cells (97% on average).  399 

Quantification by TSA-FISH (FISH coupled with Tyramide Signal Amplification) 400 

Aliquots of 100 ml of 200 µmprefiltered seawater were fixed with formaldehyde (3.7% final 401 

concentration), left for 1 to 24 h in the dark at 4°C, filtered through 0.6 µm poresize 402 

polycarbonate filters (25 mm diameter; DHI), and kept at 80°C until processed. TSAFISH 403 

was carried out on filter sections (1/10 of the filter) as described in Pernice et al. ( 2015) and 404 

Giner et al. (2016). Three probes were used (Supporting Information Table S3): NS1C 405 

targeting MAST1C (Massana et al., 2006), NS4 targeting MAST4 (Massana et al., 2002), 406 

and NS7 targeting MAST7 (Giner et al., 2016), the latter used with oligonucleotide helpers. 407 

Manual counts of hybridized cells were done by exciting with blue light and observing about 408 

40 randomly chosen fields (40200 cells in total) or, when cell densities were lower than 1 409 

cell per field, from a transect across the filter of about 13 mm (equivalent to 130 fields, about 410 

30 to 300 cells in total). 411 
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Automated microscopy: image acquisition and image analysis 412 

The automated analysis is adapted from Bennke et al. (2016) and uses the motorized 413 

microscope ZEISS Axio Imager.Z2 (Carl Zeiss MicroImaging GmbH, Göttingen, Germany) 414 

equipped with a Colibri.2 LED light source (Carl Zeiss) and a HE62 multifilter module (Carl 415 

Zeiss). Four filter sections were mounted with an antifading mix in a single slide and up to 8 416 

slides were placed at the microscopic stage. A first overview picture of the microscope stage 417 

was taken in brightfield illumination with the 1x objective and the SamLoc 1.4 software 418 

(Zeder et al., 2011). This step allows the definition of coordinates (i.e., fields of view, FOVs) 419 

in each filter piece for image acquisition. 420 

Image acquisition was performed with the MPISYS program (modified after Zeder et al. 421 

(2011)) implemented in the AxioVision software 4.8.2 (Carl Zeiss) using the channels defined 422 

for DAPI and Alexa Fluor 488 dyes. For each channel, parameters defined by the user were 423 

the objective, excitation light, exposure time, focusing procedure, and number of images per 424 

zstack to compensate for filter unevenness. Image acquisition was performed with the 40x 425 

objective for MAST1C cells (~5 µm) and the 63x objective for MAST4 and MAST7 cells 426 

(~2 µm), resulting in similar cell sizes in the images in the three cases. In each FOV, focusing 427 

was first done on the DAPI channel (UV excitation: 385 ± 4.5 nm) and set as a fixed focal 428 

position for the FISH channel (blue light excitation: 470 ± 14 nm). Images were taken at 10429 

25 ms in the DAPI channel and at 50100 ms in the FISH channel. A single extended depth of 430 

field image (EDF) resulting from a zstack of 7 layers was created and saved per DAPI and 431 

FISH signals.  432 

Final EDF images were first qualitycontrolled using the Automated image quality control 433 

(AIQC) software (Zeder et al., 2010), and then by a fast visual inspection. Lowquality 434 

images with over or underexposed parts or areas out of focus were removed (typically <10% 435 
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of the set). Cell detection was done with the Automated Cell Measuring and Enumeration tool 436 

2.0 (ACMEtool2.0; www.technobiology.ch) software. Parameters of all detected objects in 437 

the image (area, length, width, mean grey value [MGV], mean grey value of the darker pixels 438 

[MGVp90], signal to background ratio [SBR]) were evaluated by manual crosschecks to 439 

determine the values defining FISHpositive cells. Then, cells were automatically counted by 440 

ACMEtool2.0, producing a report of the number of cells per FOV in each filter section. A 441 

final manual count from the pictures was done in samples with very low (05) or very high 442 

(100200) number of cells per filter section. 443 

Data analyses  444 

An iterative procedure adapted from NiñoGarcia et al. (2016) was done to find out the model 445 

that best fits the abundance distribution of the targeted groups. Since abundance data was log446 

transformed and some fitting models require nonzero and positive values, samples with less 447 

than 1 cell ml1 were removed from the analysis. The Hartigans’ dip test statistic (Maechler, 448 

2015) implemented in the dip test package in R 3.3.2. (R Core Team, 2015) was first 449 

computed to assess the nonunimodality of the abundance distribution. According to this test, 450 

all groups had a unimodal distribution (P > 0.01). Fits to unimodal models (normal, Weibull, 451 

logistic, gamma, lognormal, Cauchy and exponential) were computed by maximum likelihood 452 

with the fitdist function of the fitdistrplus package in R (DelignetteMuller and Dutang, 453 

2014). The best fitting model was the one with the lowest Akaike Information Criterion (AIC) 454 

value.  455 

To investigate the relationship between the distribution of each group and biotic or abiotic 456 

factors, redundancy analysis (RDA) (van den Wollenberg, 1977) was performed with the 457 

vegan v2.40 package in R (Oksanen et al., 2016). Prior to analysis, the abundance of each 458 

group was standardized by Hellinger transformation (Legendre and Gallagher, 2001). Abiotic 459 
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factors considered were nitrate (NO3), phosphate (PO4), silicate (SiO2) and temperature, 460 

whereas biotic factors were chlorophyll a, bacterial biomass, production and abundance. For 461 

each RDA, forward selection (Blanchet et al., 2008) with 999 Monte Carlo permutation tests 462 

was performed to identify the set of parameters that best explain group variation. 463 
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Table and Figure legends  689 

Table 1. Mean abundance (± standard error; cells ml1) of total small eukaryotes (cells ≤5 µm) 690 

and the three MAST groups across the different biogeographic areas sampled.691 

Fig. 1. Comparison between manual and automated cell counts of MAST4 (A) and MAST692 

1C (B) in test samples. Automated cell counts were compared with manual counts done at the 693 

microscope (black triangles, solid lines) and from visual inspection of the pictures (white 694 

circles, dashed lines). Regression lines and their statistics (slope ± standard error, Pearson 695 

correlation coefficient [r], and P value) are shown. 696 

Fig. 2. Distribution of MAST4 and MAST7 cells on entire membrane filters. (A) Number of 697 

cells detected in the about 3000 FOVs processed on whole filters. Inset images show the 698 

estimated cell abundances in 10 virtually cut filter sections. (B) MAST4 and MAST7 cell 699 

abundance and their coefficients of variation (in italics) obtained by virtually splitting the 700 

whole filter in a different number of sections. 701 

Fig. 3. Global abundance of total phototrophic and heterotrophic protists (<5 µm) and of three 702 

MAST groups. Box plots capture the variation in abundance of the phototrophs and 703 

heterotrophs (A) and of the MAST groups (C) at surface (orange) and DCM (grey). The 704 

variation of the proportion of phototrophs and heterotrophs to the total counts of small protists 705 

(B) and of the proportion of the MAST groups to total counts of heterotrophic protists (D) are 706 

shown for both depths. Each data point represents an individual sample. Significant 707 

differences between surface and DCM are shown with Mann–WhitneyWilcoxon tests (NS: P 708 

> 0.05, *: P <0.01, **: P < 0.001). 709 

Fig. 4. Biogeographical distribution of heterotrophic protists and MAST groups in the 710 

epipelagic zone. The abundances of heterotrophs at surface (A) and DCM depths (B) are 711 
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represented by the circle size, while the summed contributions of the MASTs groups to 712 

heterotrophs are shown by the bluescale. The longitudinal distribution of MAST1C, MAST713 

4 and MAST7 cells are displayed for surface (C) and DCM (D) samples. Two DCM stations 714 

in the Indian Ocean with MAST4 abundances out of the scale are marked by arrows (*, 715 

station 45, 316 cells ml1; ‡, station 47, 502 cells ml1). Loess regressions were computed to 716 

illustrate the relative constancy of the three taxa in both depths. Pale colour area displays a 717 

0.95 confidence interval around the trend.  718 

Fig. 5. Density plots of the logarithmic abundance distribution of small phototrophic and 719 

heterotrophic protists (A) and of the three MAST groups (B). Mean () and standard 720 

deviation (σ) of each abundance spectra are shown to emphasise the width of the distribution. 721 

The curve of the best fitting model is also displayed for each group (gamma in small protists; 722 

Weibull in MAST1C and MAST7; normal in MAST4). 723 
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Table 1. Mean abundance (±standard error; cells ml1) of total small eukaryotes (cells ≤5 µm) 

and the three MAST groups across the different biogeographic areas sampled.

A. Small eukaryotes (< 5µm) 

Ocean  Atlantic  Indian  Pacific  All 
ocean 
basins Biogeographic 

subdivisions 
 Whole 

ocean 
Leg  Whole 

ocean 
Leg  Whole 

ocean 
Leg  

 North 
Atlantic 

Equat. 
Atlantic 

South 
Atlantic 

 Indian Great 
Austral. 
Bight 

 Equat. 
Pacific 

North 
Pacific 

Number of 
stations 

Surf.  45 14 20 11  18 11 7  31 15 16  94 
DCM  51 17 20 14  30 20 10  33 15 18  114 

Phototrophs Surf.  1049 
(±81) 

967 
(±95) 

1394 
(±119) 

527 
(±62) 

 1459 
(±286) 

684 
(±100) 

2677 
(±405) 

 2351 
(±364) 

2283 
(±434) 

2416 
(±591) 

1557 
(±148) 

DCM  3519 
(±375) 

2823 
(±427) 

4209 
(±678) 

3381 
(±797) 

3687 
(±292) 

3699 
(±351) 

3664 
(±549) 

6498 
(±1409) 

3098 
(±302) 

9332 
(±2398) 

4440 
(±460) 

Heterotrophs Surf.  367 
(±31) 

469 
(±58) 

392 
(±43) 

192 
(±26) 

 337 
(±41) 

236 
(±24) 

497 
(±63) 

440 
(±60) 

331 
(±34) 

542 
(±108) 

385 
(±26) 

DCM  755 
(±84) 

594 
(±62) 

887 
(±156) 

763 
(±197) 

607 
(±66) 

575 
(±83) 

671 
(±110) 

1050 
(±174) 

764 
(±129) 

1290 
(±292) 

799 
(±66) 

Total Surf. 1416 
(±97) 

1436 
(±124) 

1786 
(±134) 

719 
(±86) 

 1796 
(±320 

920 
(±116) 

3174 
(±440) 

 2791 
(±408) 

2614 
(±452) 

2958 
(±681) 

1942 
(±166) 

DCM 4275 
(±447) 

3417 
(±474) 

5096 
(±803) 

4143 
(±987) 

4294 
(±338) 

4274 
(±409) 

4335 
(±632) 

7549 
(±1525) 

3861 
(±344) 

10621 
(±2593) 

5227 
(±507) 

B. MAST groups 

Ocean  Atlantic  Indian  Pacific All 
ocean 
basins Biogeographic 

subdivisions 
 Whole 

ocean 
Leg  Whole 

ocean 
Leg  Whole 

ocean 
Leg  

 North 
Atlantic 

Equat. 
Atlantic 

South 
Atlantic 

 Indian Great 
Austral. 
Bight 

 Equat. 
Pacific 

North 
Pacific 

Number of 
stations 

Surf.  56 18 23 15  33 23 10  39 18 21  128 
DCM  53 18 20 15  32 22 10  37 16 20  122 

MAST1C Surf.  8 
(±1) 

12 
(±3) 

5 
(±1) 

9 
(±2) 

7 
(±1) 

5 
(±1) 

12 
(±2) 

 7 
(±1) 

6 
(±1) 

7 
(±1) 

7 
(±1) 

DCM  5 
(±1) 

6 
(±1) 

4 
(±1) 

6 
(±1) 

7 
(±1) 

7 
(±2) 

8 
(±2) 

7 
(±1) 

6 
(±1) 

8 
(±2) 

6 
(±1) 

MAST4 Surf.  48 
(±6) 

60 
(±9) 

48 
(±10) 

33 
(±9) 

49 
(±11) 

35 
(±12) 

83 
(±20) 

56 
(±9) 

64 
(±11) 

49 
(±14) 

51 
(±5) 

DCM  43 
(±5) 

46 
(±11) 

43 
(±6) 

40 
(±8) 

67 
(±18) 

75 
(±23) 

47 
(±14) 

34 
(±6) 

42 
(±10) 

28 
(±7) 

47 
(±6) 

MAST7 Surf.  15 
(±3) 

16 
(±4) 

19 
(±5) 

4 
(±1) 

 16 
(±6) 

11 
(±7) 

27 
(±8) 

44 
(±7) 

39 
(±7) 

48 
(±11) 

24 
(±3) 

DCM 17 
(±2) 

28 
(±5) 

13 
(±3) 

8 
(±3) 

22 
(±5) 

27 
(±7) 

11 
(±3) 

31 
(±6) 

21 
(±4) 

38 
(±9) 

22 
(±2) 

N/A: not applicable, N/D: not determined. 
Abbreviations: Surf.: Surface, DCM: Deep Chlorophyll Maximum depth, Equat. Atlantic: Equatorial Atlantic, Great Austral. Bight: Great 
Australian Bight and Equat. Pacific: Equatorial Pacific. 
In bold and underlined, Mean abundance of picoeukaryotes or MASTs significantly different (Welch's ttest, P < 0.05) in the different Legs 
and/or Longhurst Biomes within their respective ocean. 
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slope = 1.31 ± 0.07
= 0.966, < 0.001 slope = 1.15 ± 0.03

= 0.991, < 0.001
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Fig. 2. Distribution of MAST-4 and MAST-7 cells on entire membrane filters. (A) Number of cells detected in 
the about 3000 FOVs processed on whole filters. Inset images show the estimated cell abundances in 10 
virtually cut filter sections. (B) MAST-4 and MAST-7 cell abundance and their coefficients of variation (in 

italics) obtained by virtually splitting the whole filter in a different number of sections.  

158x159mm (300 x 300 DPI)  

Page 35 of 38

Wiley-Blackwell and Society for Applied Microbiology



For Peer Review Only

Fig. 3. Global abundance of total phototrophic and heterotrophic protists (<5 µm) and of three MAST 
groups. Box plots capture the variation in abundance of the phototrophs and heterotrophs (A) and of the 
MAST groups (C) at surface (orange) and DCM (grey). The variation of the proportion of phototrophs and 
heterotrophs to the total counts of small protists (B) and of the proportion of the MAST groups to total 

counts of heterotrophic protists (D) are shown for both depths. Each data point represents an individual 
sample. Significant differences between surface and DCM are shown with Mann–WhitneyWilcoxon tests 

(NS: P > 0.05, *: P <0.01, **: P < 0.001).  
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Fig. 4. Biogeographical distribution of heterotrophic protists and MAST groups in the epipelagic zone. The 
abundances of heterotrophs at surface (A) and DCM depths (B) are represented by the circle size, while the 
summed contributions of the MASTs groups to heterotrophs are shown by the blue-scale. The longitudinal 

distribution of MAST-1C, MAST-4 and MAST-7 cells are displayed for surface (C) and DCM (D) samples. Two 
DCM stations in the Indian Ocean with MAST-4 abundances out of the scale are marked by arrows (*, 

station 45, 316 cells ml-1; ‡, station 47, 502 cells ml-1). Loess regressions were computed to illustrate the 
relative constancy of the three taxa in both depths. Pale colour area displays a 0.95 confidence interval 

around the trend.  
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Fig. 5. Density plots of the logarithmic abundance distribution of small phototrophic and heterotrophic 
protists (A) and of the three MAST groups (B). Mean () and standard deviation (σ) of each abundance 
spectra are shown to emphasise the width of the distribution. The curve of the best fitting model is also 

displayed for each group (gamma in small protists; Weibull in MAST1C and MAST7; normal in MAST4). 
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