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Colonies of the marine cyanobacterium
Trichodesmium optimize dust utilization by selective
collection and retention of nutrient-rich particles

Siyuan Wang,1,2 Coco Koedooder,1,2,3 Futing Zhang,1,2,4 Nivi Kessler,1,6 Meri Eichner,5 Dalin Shi,4

and Yeala Shaked1,2,7,*

SUMMARY

Trichodesmium, a globally important, N2-fixing, and colony-forming cyanobacte-
rium, employs multiple pathways for acquiring nutrients from air-borne dust,
including active dust collection. Once concentrated within the colony core, dust
can supply Trichodesmium with nutrients. Recently, we reported a selectivity in
particle collection enabling Trichodesmium to center iron-rich minerals and opti-
mize its nutrient utilization. In this follow-up study we examined if colonies select
Phosphorus (P) minerals. We incubated 1,200 Trichodesmium colonies from the
Red Sea with P-free CaCO3, P-coated CaCO3, and dust, over an entire bloom sea-
son. These colonies preferably interacted, centered, and retained P-coated
CaCO3 compared with P-free CaCO3. In both studies, Trichodesmium clearly
favored dust over all other particles tested, whereas nutrient-free particles
were barely collected or retained, indicating that the colonies sense the particle
composition and preferably collect nutrient-rich particles. This unique ability con-
tributes to Trichodesmium’s current ecological success and may assist it to
flourish in future warmer oceans.

INTRODUCTION

Phosphorus (P) is commonly regarded as the ultimate limiting nutrient for phytoplankton growth and plays

a central biogeochemical role in marine environments (Karl, 2000, 2014; Martiny et al., 2019). On a global

scale, although Nitrogen (N) deficits may be offset by N2 fixation, changes in P supply to the ocean surface

can exert a strong control on future ocean productivity and downward carbon export (Bopp et al., 2013;

Moore et al., 2008; Tyrrell, 1999;Wu et al., 2000). P has also been identified as the limiting nutrient in regions

such as the western North Atlantic Ocean (Ammerman et al., 2003; Mather et al., 2008) and the eastern

Mediterranean Sea (Thingstad et al., 2005) and as such regulate phytoplankton growth, abundance, and

diversity (Chien et al., 2016; Mills et al., 2004).

Desert dust is considered an important nutrient source to stratified ocean gyres and remote open ocean areas

(Jickells et al., 2005). Most research centers on iron (Fe) inputs from Fe-rich dust (Johnson et al., 2010; Mahowald

et al., 2005; Mélançon et al., 2016; Sarthou et al., 2003; Shoenfelt et al., 2018), due to the large extent of Fe-lim-

itation in the ocean. Yet, dust and other aerosols also contain 0.1%–10% P (Anderson et al., 2010; Stockdale

et al., 2016), with estimated deposition to the ocean of 0.8–1.4 Tg (1012 g) P yr�1 (Mahowald et al., 2008;

Wang et al., 2015). Phosphorus in dust is predominantly present as apatite, an inorganic mineral-P form, which

is almost insoluble in seawater. Other, less abundant but more bioavailable P-forms include metal-bound P

(e.g., Al-P and Fe-P), absorbed P, and organic P (Stockdale et al., 2016; Zhang et al., 2018). Upon deposition

of dust on the ocean surface, only a fraction of surface-bound P is dissolved and made available for biological

utilization prior to sedimentation (�10% solubility, yielding 0.24 Tg dissolved P yr�1) (Mahowald et al., 2008).

Despite its low solubility, P deposition from dust was shown to impact ecosystems in some open ocean and

coastal areas, as well as terrestrial environments such as lakes and forests (Barkley et al., 2019; Gross et al.,

2020; Herut et al., 2016; Markaki et al., 2010; Okin et al., 2004; Pulido-Villena et al., 2010).

An organism that is consistently reported to flourish and increase its N2 fixation rates following dust addi-

tion is Trichodesmium spp. (Chen et al., 2011; Fernández et al., 2010; Lenes et al., 2008). This cyanobacte-

rium is prevalent throughout the tropical and subtropical ocean, where it often forms enormous surface
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accumulations (‘‘blooms’’) visible to the naked eye and from space (Bergman et al., 2013). Trichodesmium

blooms are often associated with dust deposition, specifically in the tropical Atlantic, downwind from the

Saharan desert dust plume (Bif and Yunes, 2017; Ramos et al., 2005; Rivero-Calle et al., 2016). Trichodes-

mium blooms comprise individual filaments as well as colonies in fusiform (tuft) and radial (puff) shapes,

composed of tens to hundreds of individual filaments (Bergman et al., 2013; Berman-Frank et al., 2001; Ca-

pone et al., 1997; Dyhrman et al., 2002). Trichodesmium is a successful bloom-forming nitrogen fixer from

oligotrophic tropical and subtropical oceans, generating 60 to 80 Tg of new N annually, almost 40% of

annual global nitrogen fixation (Capone and Carpenter, 1982). Trichodesmium contributes to sustaining

marine life via the active release and release upon death and decay of key nutrients such as carbon and

nitrogen, hence making it a vital player in the biogeochemical cycling of basic elements in contemporary

and past oceans (Deutsch et al., 2007).

In nutrient-poor oligotrophic oceans, Trichodesmium, which is capable of supplying its N requirements by

fixing atmospheric N2, often becomes limited or co-limited by Fe and P (Held et al., 2020b; Mills et al., 2004;

Wu et al., 2000). Some reports suggest that Trichodesmium is primarily P-stressed in the North Atlantic, and

primarily Fe-stressed in the Pacific, owing to the relative Fe and P availability in these regions (Chappell

et al., 2012; Frischkorn et al., 2018; Hynes et al., 2009; Orchard et al., 2010a; Sañudo-Wilhelmy et al.,

2001; Sohm et al., 2008; Tang et al., 2020). Trichodesmium is uniquely adapted to chronic P limitation,

with an array of recently discovered pathways including hydroxylation of organic ester-bound phosphate

(Orchard et al., 2009), C-P bond lyase of phosphonates (Dyhrman et al., 2006), utilization of phosphite (Poly-

viou et al., 2015), substitution of phospholipids with sulfolipids (Van Mooy et al., 2009), and P storage as

polyphosphate (Orchard et al., 2010b). The low surface area to volume ratio of large Trichodesmium col-

onies imposes a strong limitation on the acquisition of dissolved nutrients (Sunda and Huntsman, 1995).

On the other hand, Trichodesmium colonies are uniquely adapted to utilize air-borne dust deposited on the

ocean surface as a source of nutrients (Langlois et al., 2012; Moore et al., 2009; Rubin et al., 2011; Rueter

et al., 1992). Large colonies are more likely to encounter dust particles compared with single cells or filaments

as their intricate morphology ensures the effective capture and retention of particles (Bif and Yunes, 2017). Pre-

vious studies documented that colonies further improve dust retention by active particle shuttling from the

periphery to the colony core in a coordinated movement by trichomes (Rubin et al., 2011; Rueter et al.,

1992). Moreover, Kessler et al. (2020a) reported that Trichodesmium has the ability to select the particles

they center based on their nutritional value (Kessler et al., 2020a). A strong preference for Fe-rich particles

over Fe-free particles was observed by incubating Red Sea natural colonies with dust, Fe-free and Fe-coated

silica minerals (Kessler et al., 2020a). In addition, the selective removal of Fe-free particles further indicated

that colonies can chemically sense Fe on particles and optimize the supply of Fe fromdust (Kessler et al., 2020a).

Kessler et al. (2020a) observed a strong preference for dust over Fe-coated minerals, suggesting that the

colonies may seek additional nutrients from dust (Kessler et al., 2020a). In the oligotrophic Gulf of Aqaba,

Trichodesmium is often subjected to P limitation, as documented by high alkaline phosphatase activity, an

enzyme indicative of P stress (Mackey et al., 2007; Stihl et al., 2001). Given the low dissolved P concentra-

tions (Fuller et al., 2005; Kuhn et al., 2018) and the high dust deposition in the Gulf (Chen et al., 2007; Torf-

stein et al., 2017), we hypothesize that Trichodesmium can utilize dust as a source of P, possibly assisted by

the selective collection of P-rich particles.

Here, we follow up on our previous findings of particle selection by Trichodesmium and explore the ability of

natural colonies to differentiate between P-free and P-rich particles.We conducted detailedmicroscopic obser-

vations on�1,200 natural colonies from theGulf of Aqaba incubatedwith high-purity CaCO3 (herein referred to

as P-free CaCO3) or P-adsorbed CaCO3 (herein referred to as P-rich CaCO3) synthesized to mimic the readily

dissolved surface-absorbed P in dust.We repeated these 24-h incubations during 17 individual days throughout

an entire bloom season, testing in parallel the collection and retention of dust. As in Kessler et al. (2020a), we

assigned scores for three individual interaction parameters. In addition, we combined them to generate an

index describing colony-particle interaction over time. In parallel, we tested whether natural colonies are

P-limited, using qPCR expression of the high-affinity phosphate-binding protein sphX.

RESULTS

In our study we characterized colony-particle interactions by assigning three discrete interaction parame-

ters (Figure 1) combining them to an index describing the colony-particle interaction over time (Figure 2).
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We refer to the following two terms: (1) interaction strength, the tendency of colonies to interact with par-

ticles, and (2) selectivity, the preference of colonies for P-rich over P-free CaCO3.

Selective collection of P-rich particles—single day data

We first present a single sampling day (October 28, 2019) where we obtained 80 freshly collected Red Sea

colonies, showing a statistically significant preference for P-rich over P-free particles in all interaction pa-

rameters (Figures 3A–3C; p < 0.05, Table S4). On that day, the initial interactions (ST) were mostly positive

(+/++), with 80% of the colonies interacting with both P-rich and P-free CaCO3 particles (Figure 3A). The

percentage of colonies collecting many particles (++) was much higher for P-rich CaCO3 (60%) than for

P-free CaCO3 (20%, Figure 3A). The selectivity was even more evident when looking at the parameter of

Parameter and descrip on Scores

Short-term (ST) interac on

Time: 15 min

Scores were determined by the 
number of par cles associated 
with the colony at 15 min a er 
par cle addi on. None (-) = <3 Mild (+) = 3-10 Strong (++) = >10

Par cle transfer from 
periphery to center 
(Centering)

Time: 1.5 h

Scores were determined by 
both the number of par cles 
iden fied and their loca ons 
on the colony a er 1.5 h.

No par cles (NP) = no
par cles on the colony

No centering (O) = few
par cles on periphery;

none in the center 

Strong centering (*) =
many par cles

in the colony center

Long-term (LT) interac on

Time: Overnight (13-27 h)

Scores were determined by the 
number of par cles remaining
on the colony a er overnight-
incuba on. None (-) = <3 Mild (+) = 3-10 Strong (++) = >10

Figure 1. Characterization scheme of colony-particle interactions

Characterization of colony-particle interactions during three time points, representing three different parameters. A score and color-code was assigned for

each parameter according to the criteria shown, following the criteria of Kessler et al. (2020a) with some modifications. Scores were assigned to alive and

integral colonies.
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centering, which was examined 1.5 h after particle addition (Figures 1 and 3B). A strong centering score

(colored purple; *), marking the active translocation of particles to the colony core, was assigned to 90%

of colonies subjected to P-rich CaCO3, whereas only 20% of the colonies centered P-free CaCO3 (Fig-

ure 3B). In fact, almost half of the colonies that initially (ST) interacted with P-free CaCO3 were particle-

free at this stage (NP), indicating that they removed P-free CaCO3 shortly after particle additions. This trend

of particle removal continued during the overnight incubations, as is evident by the ‘‘lighter’’ bars in Fig-

ure 3C compared with Figure 3A. Furthermore, the removal of particles was highly selective, with 80% of

the colonies incubated with P-free CaCO3 not retaining any particles toward the end of the incubation (Fig-

ure 3C). Combined, all interaction parameters indicated that, on October 28, 2019, natural Trichodesmium

colonies from the Red Sea were able to detect particle-P and modify their behavior to favor the collection

and retention of P-rich over P-free particles.

Selective collection of P-rich particles—entire season

We repeated these experiments during 17 different days, and when combined, we observed a statistically

significant selectivity in all interaction parameters (Figure 4A; p < 0.05, Table S4). Throughout the season,

the interaction strength was higher for initial interactions (ST) compared with overnight interactions (LT),

indicating that colonies removed some of the particles they had initially collected (Figure 4A). The removal

of particles was more pronounced for P-free than P-rich CaCO3, further indicating that natural Trichodes-

mium colonies can distinguish among these minerals.

In order to integrate the interaction scores into a single parameter and follow the behavior of individual

colonies throughout the incubation time frame, we re-analyzed our data according to the single colony in-

dex. Briefly, this index describes the tendency of a single colony to collect, center, and retain particles (see

STAR Methods). Our dataset yielded 12 common patterns, which we subsequently grouped into four cat-

egories termed ‘‘inactive,’’ ‘‘slightly active,’’ ‘‘active,’’ and ‘‘very active’’ (Figure 2).

As with the discrete interaction parameters, this combined index reveals clear differences between P-free and

P-rich particles. A higher proportion (50%) of the colonies incubated with P-rich CaCO3 grouped into the

Categories Pa ern
Parameter-Score

ST Centering LT

Inac ve
A - NP -
D - O -

Slightly ac ve
J + NP -

M + O -
N + O +

Ac ve

P + * -
Q + * +
V ++ O -
W ++ O +
Y ++ * -

Very ac ve
Z ++ * +

Za ++ * ++

Figure 2. Single colony index

The integration of all three scored interaction parameters assigned to each colony (Figure 1) into a single value describing

the colony-particle interaction over time. From all 27 possible combinations of the three interaction parameters, 12

common patterns were found to represent �90% of the colonies during the incubation experiments. These 12 patterns

are further grouped into four categories ranked and color-coded according to the strength of colony-particle

interactions.
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‘‘active’’ and ‘‘very active’’ categories (Figure 4B). In contrast, a higher proportion (50%) of colonies incubated

with P-free CaCO3 were placed in the inactive and slightly active categories (Figure 4B). Thus, our findings

were able to further demonstrate that Trichodesmium selectively collects P-rich over P-free particles.

Day-to-day and seasonal variations in colony-particle interactions

We observed day-to-day and seasonal variations in both interaction strength and selectivity (Figure 5). For

example, colonies were highly interactive on November 19 but mostly inactive on October 22 (Figure 5).

Colonies were highly selective on October 28 but mostly nonselective onOctober 27 (Figure 5). In addition,

the interaction strength changed throughout the season, where colonies collected in mid-November (late

season; November 11–19) were more interactive than colonies collected in October and early November

(early season; October 7–November 7, Figure 5). For example, only 27 G 16% of the early season colonies

with P-free CaCO3 were grouped into ‘‘active’’ and ‘‘very active’’ categories compared with 62G 14% of the

late season colonies (Figure 5).

Colony morphotypes differ in their particle-interaction characteristics

We speculated that the day-to-day variations of interaction strength and selectivity (Figure 5) may reflect

the co-occurrence of multiple Trichodesmium puff-shaped colony morphotypes. Two of these morpho-

types, termed ‘‘thin’’ and ‘‘dense,’’ had distinct enough features to enable an easy visual separation (see

STAR Methods). On November 17 and 19, we selected only thin and dense colonies and tested their inter-

action strength and selectivity to P-rich CaCO3 particles (Figures 1 and 2). Indeed, these morphotypes ex-

hibited markedly different particle-interaction characteristics (Figure 6A). Thin colonies formed strong in-

teractions with both particles and were mostly grouped into ‘‘active’’ and ‘‘very active’’ categories

(Figure 6A; 65% and 82% for P-free and P-rich CaCO3, respectively). On the other hand, dense colonies

did not interact with particles, and a high proportion was grouped into the inactive and slightly active cat-

egories (Figure 6A;�50% with both types of particles). The prevalence of these morphotypes in the Gulf of

Aqaba changed during the season with thin colonies appearing later in the season. Given their contrasting

particle-interaction characteristics, changes in their relative abundance within our experiments may

partially translate into the observed day-to-day variations in their tendency to collect and retain particles

(Figure 5). Different morphotype colonies also differ in their selectivity, with ‘‘thin’’ colonies showing selec-

tivity and ‘‘dense’’ colonies showing no selectivity to P-rich particles (Figure 6A).

Assessing P limitation of natural colonies

Speculating that P limitation may be influencing their selectivity toward P-rich particles, we tested whether

natural colonies are P-limited using the P stress marker gene sphX for multiple experimental days. We vali-

dated the marker as an indicator of P limitation by testing if sphX expression is downregulated in response

to the addition of P during 24-h incubation. SphX expression levels dropped in colonies incubated with P

A B C

Figure 3. Interactions between natural Trichodesmium colonies and P-free or P-rich CaCO3 in an experiment conducted on October 28, 2019

(A) Short-term (ST) interactions, (B) Centering, and (C) Long-term (LT) interactions (see Figure 1). Pictures of colonies with particles representing each

parameter score are shown next to each panel. Statistically significant differences between particle types (p < 0.05) were found for all parameters, as labeled

by letters. Natural colonies preferably interacted, centered, and retained P-rich particles in comparison with P-free particles.
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(T24+P) compared with in situ colonies (T0) or colonies incubated without P (T24-P) (Figure 6B), indicating that

the colonies were indeed P-limited. Unable to repeat such incubations owing to biomass limitation, we

tested in situ colonies for sphX expression (T0) on 5 days throughout the bloom season (Figure 6C). On

some of the days, sphX expression levels were as high as in the incubation experiment, whereas on other

days it was slightly lower (Figure 6C). These data indicated that on some days (but not all days) natural col-

onies were P-limited but lacked the temporal resolution to resolve day-to-day variations in selectivity.

Therefore, sphX expression could not link P limitation to the observed selection of P-rich particles. None-

theless, Trichodesmium can access a range of dissolved organic P compounds through various enzymes

(e.g., PhoA/PhoX; Orchard et al., 2009), and more work is required to explore the colony’s P stress

comprehensively.

Dust—the favorite mineral of natural Trichodesmium colonies

So far, we tested only P-free or P-rich CaCO3, whereas in nature, Trichodesmium colonies encounter more

chemically and structurally complex particles like dust. Such particles contain multiple micro- and macro-

nutrients required for the growth of Trichodesmium, which could be exploited by a sophisticated sensing

and selecting behavior. In parallel, to mimic natural conditions, we incubated 10–20 natural colonies with

desert dust on most experimental days (see STAR Methods).

A

B

Figure 4. Interactions between natural Trichodesmium colonies and P-free or P-rich CaCO3 particles over the entire season as characterized by

discrete parameters (A) and single colony index (B)

(A) Short-term (ST) interactions, Centering, and Long-term (LT) interactions (see Figure 1). (B) Fraction of colonies per single-colony index category over the

entire season (Figure 2). The color-coded categories are ordered at increasing interaction strength with ‘‘inactive’’ on the left and ‘‘very active’’ on the right.

Hatched and solid bars represent P-free and P-rich CaCO3 treatments, respectively. Numbers above each bar graph represent the total colony number in

each category. A preference for P-rich CaCO3 is seen by a higher abundance of colonies showing active patterns in the P-rich CaCO3 treatment compared

with the P-free CaCO3 treatment.
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The colony’s strong preference for dust over both P-rich and P-free particles was consistent on all exper-

imental days and in all experiments combined (Figures S2 and S3). When assessing the dust-incubated col-

onies using the single colony index, most colonies (�80%) could be placed in ‘‘active’’ and ‘‘very active’’

categories when incubated with dust in comparison with only 40% of the colonies incubated with P-free

CaCO3 (Figure 7). Combined, Trichodesmium colonies typically interacted the strongest with dust, fol-

lowed by P-rich CaCO3 and finally P-free CaCO3 particles.

DISCUSSION

Our data demonstrate that natural Red Sea Trichodesmium colonies preferably interact, center, and retain

CaCO3 particles coated with P in comparison with uncoated CaCO3 particles. This preference was

observed for all interaction parameters on the population level (Figures 3 and 4A) and for the combined

particle-interaction pathway of individual colonies (Figures 4B, 6A, 7, and 8), indicating that Trichodesmium

colonies can discern the presence or absence of P on particles. Furthermore, the colonies clearly favored

dust over all other particles tested (Figure 7). Together with Kessler et al. (2020a), our study suggests that
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Figure 5. Daily colony-particle interactions throughout the season presented using the single colony index

Day-to-day and seasonal variations of a colony’s tendency to interact with particles (interaction strength) and preference

for P-rich particles (selectivity). A high abundance of active colonies can be seen in late season (November 7–19)

compared with more inactive colonies early in the season (October 7–November 7). Top (A) and bottom (B) panels

represent P-free and P-rich CaCO3 treatments, respectively. Bars do not reach 100% as the missing fraction represents

minor patterns that are not grouped into the four chosen categories.
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Trichodesmium can (1) chemically sense nutrient content of particles and (2) modify its interactions with

particles to optimize collection and retention of nutrient-rich particles.

Physiological and ecological factors affecting Trichodesmium-particle interactions

The newly observed ability of colonies to sense and select P-rich particles is nested within a broader colony-

particle behavior that includes initial adhesion, centering, or removal of particles and their retention within

the colony core (Figures 1, 3, and 4). Variations in both interaction strength and selectivity were observed

among discrete experimental days and during the season (Figure 5), providing grounds for exploring the

potential factors driving colony-particle interactions.

Variations among colony morphotypes in interactions with particles

Variations among individual colonies within a single day and among different days regarding both interac-

tion strength and selectivity (Figures 3, 5, and 8) may originate from the co-occurrence of morphotypes that

differ in their tendency to interact with particles. We observed strong differences among two commonmor-

photypes: ‘‘thin’’ colonies with a strong tendency to interact and retain particles and ‘‘dense’’ colonies that

were mostly inactive (Figure 6A). Although these are not the only morphotypes present in the Gulf of

A

B C

Figure 6. Factors influencing the day-to-day variability in colony-particle interactions

(A) Separation of thin (left) and dense (right) morphotypes on November 17 and 19 demonstrates differences of a colony’s

tendency to interact with particles (interaction strength) and preference for P-rich particles (selectivity) according to

morphotype. Interaction strength is based on the single colony index categories, whereas selectivity is based on

differences between the inner (P-free CaCO3) and outer (P-rich CaCO3) circles. In general, thin morphotypes were more

interactive (interaction strength) and showed more selectivity for particles in comparison with the dense morphotypes.

(B) Relative expressions of P stress marker gene sphX in natural colonies, collected on November 6, in situ (T0) and after

24 h incubations without PO4
3� (T24-P) and with 5 mM PO4

3� (T24+P). The lower transcription of sphX gene transcription for

T24+P in comparison with T0 and T24-P indicates that the collected colonies were P-limited. Error bars represent the

standard deviation (n = 2).

(C) Relative expressions of sphX in natural colonies, collected in situ for 6 days throughout the season (including

November 6). Colonies collected on October 27 and November 3 were presumably P-limited owing to similar sphX

expression in comparison with November 6. Error bars represent the standard deviation (n = 2).

ll
OPEN ACCESS

8 iScience 25, 103587, January 21, 2022

iScience
Article



Aqaba, the higher abundance of ‘‘thin’’ colonies toward the end of the bloom season most likely explains

the increase in the observed interaction strength (Figure 5). The contrast observed here between the two

morphotypes offers a good basis to explore the molecular and biochemical components involved in the

ability to adhere to particles and shuffle them along the filaments. Extrapolating our findings to other en-

vironments, it is important to note that not all colony-forming Trichodesmium species will equally interact

with dust and utilize it as a source for nutrients such as P and Fe.

Interaction strength and selectivity are linked

Although some of the daily variability in colony-particle interactions can be accounted for by the observed

differences in morphotype, other factors such as the colony life stage, position in the water column, and

microbial consortium composition are also likely to be of influence. Our experiments did not examine these

options, but we observed a link between interaction strength and selectivity, which may provide some in-

sights on this complex behavior. Selectivity for P-rich particles was most pronounced on days where the

interaction strength was intermediate, whereas selectivity was less pronounced on days where the interac-

tion strength was either minimal or maximal (Figure 8). For example, on October 22, over 80% of the col-

onies followed inactive to slightly active categories and did not prefer any of the particles (Figure 8). This

trend is easy to reconcile as no selection is expected when colonies do not interact with particles. Assuming

that Trichodesmium use particles as a source of nutrients (Basu et al., 2019), days with low interaction and

low selectivity may comprise colonies that are not relying on particles to supply their nutritional demand.

On the other hand, highly interactive colonies exhibiting low selectivity are exemplified by data from

November 14 (Figure 8). In such cases, the strong tendency to collect particles maymask the colony’s ability

to distinguish between particles. In nutrient terms, these days may contain nutrient-starved colonies (i.e.,

‘‘beggars can’t be choosers’’). Among these two extremes, many experimental days, such as November 6,

were characterized by intermediate interaction strength but high selectivity (Figures 8 and S4). We

observed that colonies on November 6 were P-limited (based on sphX expressions, Figure 6B), but as dis-

cussed below, more research is required to untangle the link between colony’s nutrient requirements and

interactions with particles.

P limitation does not fully explain particle interaction and retention

We propose that the reported ability to selectively collect P-rich particles is an important mechanism enabling

Trichodesmium tomaximize its capacity to obtain P from dust and other particles in seawater. Red Sea colonies

used in several of our experiments were P-stressed, as evidenced by high expression levels of the P stress

marker-gene sphX (Figure 6B), potentially providing a ‘‘motivation’’ for selecting P-rich particles. Nonetheless,

we did not find a link between the colony’s P-nutrition or P-flux and their interaction with particles.

In our incubations, colonies can retain both dust and P-coated particles up to 27 h (e.g., Figure 3) despite

the provision of a sufficient flux of P from these particles. Based on concentrations of added particles and

Figure 7. Summary of colony-particle interactions observed in this study for all tested mineral types (P-free

CaCO3, P-rich CaCO3, and mineral dust) according to the single colony index categories

Collectively a total of 1,104 colonies were characterized in this study and 962 colonies following common patterns were

presented above. Colonies show a strong preference for dust over P-rich CaCO3 as well as discrimination against P-free

CaCO3.
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rates of P dissolution from dust or P desorption from P-coated CaCO3, we calculated that 0.05 to 0.49 mM

PO4
3� accumulated in each well within 3 h (Table S5). These P concentrations greatly exceed the colony’s

P-requirements (Sañudo-Wilhelmy et al., 2001, 2004), and hence it is safe to assume that colonies became

P-replete within few hours from addition of P-rich CaCO3 or dust. We also tested if P addition prior to the

incubation will stop colonies from interacting with particles. Pre-incubating colonies with 5 mMPO4
3� for 2 h

on two separate days yielded no to low effect on initial interaction and centering of dust (Figure S5).

We were further unable to link the seasonal change in P supply in the Gulf of Aqaba with interaction pat-

terns. During autumn, as surface waters cool down, convective mixing gradually increases P supply from the

phosphocline to the mixed layer (Torfstein et al., 2020). Assuming that mixing of ‘‘deep’’ PO4
3� is an impor-

tant P source for Trichodesmium, colonies are expected to be less P-limited in late autumn. Contrary to the

seasonal change in P supply, the interaction strength increased throughout the season (Figure 5). Our find-

ings therefore do not support that P limitation leads colonies to ‘‘activate’’ their particle collection

behavior. Nonetheless, as Trichodesmium is often limited or co-limited by nutrients other than P such as

Fe and other trace elements (Chappell et al., 2012; Held et al., 2020b; Ho, 2013; Mills et al., 2004; Moore

et al., 2009), our ability to draw conclusions on the drivers of particle collection behavior is limited and

more research is required to explore this avenue.

Interactions with nutrient-free minerals

Although colonies prefer P-rich CaCO3, many colonies interacted initially with nutrient-free CaCO3 (74%;

Figure 4A, [+ and ++, ST-scores]), possibly indicating that particles serve additional roles in a colony’s ecol-

ogy. However, over time, the fraction of colonies that actively centered or retained these non-nutritional

particles dropped significantly (31% LT-scores). These trends, thus, reveal that Trichodesmium’s particle

selection ‘‘system’’ requires several hours of fine-tuning until they are left with ‘‘valuable’’ particles. Such

a time span may be expected when considering that a complex mechanism involving both chemical

sensing and particle translocation must be activated in order for these selective-particle interactions to

take place.

Optimization of particle retention within the colony’s core through particle removal

During the overnight incubation, many colonies removed some of the particles they originally captured

(Figures 3 and 4A). This phenomenon may partly result from an overload of particles at the start of incuba-

tion that were subsequently lost over time. However, the sharp contrast between the particle-loaded core

and the particle-free periphery observed by Nano-SIMS analysis of in situ Red Sea colonies by Kessler et al.

(2020a) is indicative of an active and controlled particle translocation mechanism. The removal of particles

was also shown to be a selective process as dust was removed to a lesser degree than P or Fe-rich minerals,

whereas nutrient-free CaCO3 and silica minerals were removed to the greatest extent (Figures 3, 4A and 9;

Kessler et al., 2020a, Figure 4).

Figure 8. Contrasting colony-particle interaction days

Three days with contrasting colony-particle interaction strength to demonstrate variations in a colony’s tendency to

interact with particles (interaction strength) and preference for P-rich particles (selectivity). Interaction strength is based

on the single colony index categories, whereas selectivity is based on differences between the inner (P-free CaCO3) and

outer (P-rich CaCO3) circles.

ll
OPEN ACCESS

10 iScience 25, 103587, January 21, 2022

iScience
Article



The centering and removal of particles can hereby be viewed as two edges of the same behavior, a negative

and a positive one, both involving the chemical ‘‘sensing’’ of the mineral composition and subsequent acti-

vation of cellular mechanisms leading to particle translocation. These two processes, on the other hand,

likely differ in their coordination level, as the simple detachment of filaments can lead to particle loss while

a coordinated motion of several filaments is required in order to push particles to the colony core (Rubin

et al., 2011).

The ability to remove particles provides flexibility with regards to the amount and type of particles colonies

can retain. Such flexibility enables colonies to offset the potential negative effects of a high particle load

such as buoyancy loss, exposure to toxic trace elements present in dust, increased visibility to predators,

self-shading by particles, and restricted diffusion of solutes (Held et al., 2020a; Kessler et al., 2020b; Paytan

et al., 2009; Walsby, 1992). An ability to remove particles also enables colonies to rapidly change their pool

of particles and replace nutrient-exhausted particles with fresh ones, potentially providing larger nutrient

fluxes. The documented ability to control the amount (and possibly type) of particles may hereby explain a

recent report by Held et al., 2020a), who collected both particle-free and particle-loaded colonies from a

single net tow in the Caribbean Sea (Held et al., 2020a).

Mineral-collection ranking—Trichodesmium colonies prefer dust over all minerals

Our study complements the work conducted by Kessler et al., 2020a and together can shed light on the

complex behavior of particle collection and the role of dust as a nutrient source to Trichodesmium. Each

study examined a different set of minerals, but both included interactions with natural dust. Seeking to inte-

grate both studies, we plotted the percentage of colonies that positively interacted with each of the nine

different particle types at the beginning (ST) and end (LT) of the incubation (Figure 9). Combined, our

studies clearly identify natural dust as the most favorable particle type with 65%–95% of the colonies inter-

acting with it (Figure 9, top-right corner). The least favored particles were the nutrient-free minerals,

including quartz, diatom frustules, CaCO3, and acid-cleaned dust, with only 20%–35% of the colonies inter-

acting with these minerals (Figure 9, bottom-left corner). Nutrient-rich minerals from both studies,

including P-adsorbed CaCO3 and three Fe-coated minerals showed intermediate rates of particle interac-

tion, with 50%–80% of the colonies interacting with these minerals (Figure 9, center). Although these

studies were conducted 3 years apart and in different seasons, one in spring and another in autumn, prob-

ably comprised different colony morphotypes (or even different Trichodesmium species), and applied

different local desert dust samples, the fraction of colonies retaining dust after overnight incubation (LT)

was surprisingly similar (Figure 9, ST criteria differ between studies preventing exact comparison). The

quantitative agreement between our studies indicate that Red Sea colonies-dust interactions are robust,

Figure 9. Compilation of Trichodesmium colony-particle interaction studies

We combine the current study data with that of Kessler et al. (2020a), by plotting the percentage of colonies interacting

with particles initially (ST) and after overnight incubation (LT). Nutrient-free particles (CaCO3, quartz, diatom frustule, and

acid-cleaned dust) are plotted as empty symbols, nutrient-rich particles appear as colored symbols, and dust appear as

black circles. A clear selection can be seen among different mineral types, where the cartoon on the right highlight’s key

trends from the data.
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making our findings applicable to additional oceanic environments. Indeed, several recent studies from the

South Atlantic and Caribbean Sea reported the significant accumulation of mineral particles by natural col-

onies (Bif and Yunes, 2017; Held et al., 2020a).

Our studies independently reveal that colonies can discern the presence of either P or Fe on particles and

selectively collect minerals containing these elements. When considering dust as a source of P and Fe to

Trichodesmium, these elements share some similarities but also exhibit important differences. Dust con-

tains relatively high Fe concentrations (3.5 wt%; Duce and Tindale, 1991; Mahowald et al., 2005) compared

with P (0.03–0.20 wt%; Stockdale et al., 2016; Zhang et al., 2018). This is in contrast to the �80-fold higher

cellular requirements for P compared with Fe (Sañudo-Wilhelmy et al., 2001, 2004). Despite the low overall

solubility of both Fe and P from dust, typically estimated 0.1%–10% (Aguilar-Islas et al., 2010; Mahowald

et al., 2005, 2008; Stockdale et al., 2016), Trichodesmium can employ a variety of biochemical pathways

and physical mechanisms in order to enhance the solubility and bioavailability of Fe from dust (Basu

et al., 2019; Basu and Shaked, 2018; Eichner et al., 2019, 2020; Held et al., 2020a; Kessler et al., 2020b; Rubin

et al., 2011). The effect of such mechanisms on dust-P solubility has not yet been studied, but as P is often

associated with Fe, it is likely that Trichodesmium can also modify dust-P and enhance its bioavailability.

The colonies’ clear preference for dust in comparison with all other minerals (Figures 7 and 9) may involve

both physical and chemical characteristics of dust. Natural dust and aerosols contain differently sized single

and aggregated particles, varying in shape and surface roughness (Genga et al., 2018; Kessler et al., 2020b;

Marcotte et al., 2020), potentially making it easier to translocate and center in comparison with some of the

homogeneous smooth minerals that were used. In addition, dust may contain nutrients other than P or Fe,

such as additional trace metals, organic matter, and bacteria (Chen et al., 2007; Herut et al., 2016; Torfstein

et al., 2017). More research is required to unfold the drivers and pathways involved in Trichodesmium-dust

interactions; nonetheless, themere ability of selectively collecting particles bares significant environmental

significance. The selection of particles enables Trichodesmium colonies to optimize the collection and

retention of dust to favor particles that can supply them with scarce Fe and P and consequently contribute

to nutrient cycling and productivity in the ocean. The importance of Trichodesmium in fueling the ocean

with nutrients is expected to further increase as its abundance expands in the warming ocean (Tang

et al., 2020), which is projected to receive higher dust fluxes (Meskhidze et al., 2005).

Conclusion

In this study, we assessed the particle collection behavior of Trichodesmium by incubating �1,200 natural

Red Sea colonies with P-free and P-rich CaCO3 and dust over 17 individual days during autumn of 2019. We

documented a new ability of Trichodesmium to preferably collect, center, and retain P-rich particles in the

colony core while removing P-free particles. Zooming into day-to-day variations in colony-particle interac-

tions, we examined three possible factors influencing these interactions: (1) differences between colony

morphotypes, (2) varying degree of colony P limitation, and (3) dependency between interaction strength

and selectivity. We found that morphotypes differed in their tendency to interact with particles regardless

of their P-nutritional status and that the colony’s tendency to interact with particles was linked to their selec-

tivity to P-rich particles. Combining our findings with that of Kessler et al. (2020a), we found that: (1) Fe- and

P-rich minerals are preferred over nutrient-free particles, indicating that natural Trichodesmium colonies

have the ability to sense the presence of nutrients on particles and accordingly modify their behavior. (2)

Dust is preferred over Fe- and P-rich minerals, suggesting that Trichodesmium may require additional nu-

trients from the dust. The ability to selectively collect nutritional particles contributes to Trichodesmium’s

ecological success with subsequent effects on global C and N2 fixation in the ocean.

Limitations of the study

The interactions between Trichodesmium and particles described here are extremely complex and highly

dynamic, and hence it is hard to fully resolve the underlying mechanisms controlling colony-particle inter-

actions. The choice of experimenting with natural colonies adds another level of complication and restricts

our ability to explain variations among days and between twomorphotypes of colonies. In addition, stereo-

scopic observations by naked eyes by different individuals may result in some biases (that were partly

resolved by randomization). Other drawbacks of the stereoscope include low resolution that restricts

observation for relatively large particles (>10 mm), missing interactions with smaller particles. The long

observation time restricts the number of time points, potentially missing important shifts in the

interactions.
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Varela, M., and Marañón, E. (2010). Latitudinal
distribution of Trichodesmium spp. and N2

fixation in the Atlantic Ocean. Biogeosciences 7,
3167–3176. https://doi.org/10.5194/bg-7-3167-
2010.

Frischkorn, K.R., Haley, S.T., and Dyhrman, S.T.
(2018). Coordinated gene expression between
Trichodesmium and its microbiome over day-
night cycles in the North Pacific Subtropical Gyre.
ISME J. 12, 997–1007. https://doi.org/10.1038/
s41396-017-0041-5.

Fuller, N.J., West, N.J., Marie, D., Yallop, M.,
Rivlin, T., Post, A.F., and Scanlan, D.J. (2005).
Dynamics of community structure and phosphate
status of picocyanobacterial populations in the
Gulf of Aqaba, Red Sea. Limnol. Oceanogr. 50,
363–375. https://doi.org/10.4319/lo.2005.50.1.
0363.

Genga, A., Siciliano, T., Siciliano, M., Aiello, D.,
and Tortorella, C. (2018). Individual particle SEM-
EDS analysis of atmospheric aerosols in rural,
urban, and industrial sites of Central Italy.
Environ. Monit. Assess. 190, 456. https://doi.org/
10.1007/s10661-018-6826-9.

Gross, A., Reichmann, O., Zarka, A., Weiner, T.,
Be’eri-Shlevin, Y., and Angert, A. (2020).
Agricultural sources as major supplies of
atmospheric phosphorus to Lake Kinneret.
Atmos. Environ. 224, 117207. https://doi.org/10.
1016/j.atmosenv.2019.117207.

Held, N.A., Sutherland, K.M.,Webb, E.A., McIlvin,
M.R., Cohen, N.R., Devaux, A.J., Hutchins, D.A.,
Waterbury, J.B., Hansel, C.M., and Saito, M.A.
(2020a). Mechanisms and heterogeneity of

mineral use by natural colonies of the
cyanobacterium Trichodesmium. bioRxiv, 1–13.
https://doi.org/10.1101/2020.09.24.295147.

Held, N.A., Webb, E.A., McIlvin, M.M., Hutchins,
D.A., Cohen, N.R., Moran, D.M., Kunde, K.,
Lohan, M.C., Mahaffey, C., Malcolm, E., and
Saito, M.A. (2020b). Co-occurrence of Fe and P
stress in natural populations of the marine
diazotroph Trichodesmium. Biogeosciences 17,
2537–2551. https://doi.org/10.5194/bg-17-2537-
2020.

Herut, B., Rahav, E., Tsagaraki, T.M.,
Giannakourou, A., Tsiola, A., Psarra, S., Lagaria,
A., Papageorgiou, N., Mihalopoulos, N.,
Theodosi, C.N., et al. (2016). The potential impact
of Saharan dust and polluted aerosols on
microbial populations in the East Mediterranean
Sea, an overview of a mesocosm experimental
approach. Front. Mar. Sci. 3, 226. https://doi.org/
10.3389/fmars.2016.00226.

Ho, T.Y. (2013). Nickel limitation of nitrogen
fixation in Trichodesmium. Limnol. Oceanogr. 58,
112–120. https://doi.org/10.4319/lo.2013.58.1.
0112.

Hynes, A.M., Chappell, P.D., Dyhrman, S.T.,
Doney, S.C., and Webb, E.A. (2009). Cross-basin
comparison of phosphorus stress and nitrogen
fixation in Trichodesmium. Limnol. Oceanogr. 54,
1438–1448. https://doi.org/10.4319/lo.2009.54.5.
1438.

Jickells, T.D., An, Z.S., Andersen, K.K., Baker, A.R.,
Bergametti, G., Brooks, N., Cao, J.J., Boyd, P.W.,
Duce, R.A., Hunter, K.A., et al. (2005). Global iron
connections between desert dust, ocean
biogeochemistry, and climate. Science 308,
67–71. https://doi.org/10.1126/science.1105959.

Johnson, M.S., Meskhidze, N., Solmon, F., Gassó,
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Yeala Shaked (yeala.shaked@mail.huji.ac.il).

Materials availability

P-coated CaCO3 generated in this study was prepared using trace-metal clean calcium carbonate powder

(99.999% purity, Cat#481807-5G, Sigma-Aldrich) and KH2PO4 (Cat#1048731000, Merck). Preparation pro-

cedure and P-adsorption and desorption determination were described in STAR Method text as well as

in supplementary materials.

Data and code availability

d All of the raw data collected during this study are publicly available as supplementary materials as of the

date of publication.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Calcium carbonate (CaCO3) Sigma-Aldrich Cat#481807-5G

P-coated CaCO3 This manuscript

Potassium dihydrogen

phosphate (KH2PO4)

Merck Cat#1048731000

Ammonium molybdate

((NH4)6Mo7O24 $ 4H2O)

Sigma-Aldrich Cat#A1343-100G

L-ascorbic acid (C6H8O6) Sigma-Aldrich Cat#A7506-100G

Sulfuric acid (H2SO4) Sigma-Aldrich Cat#258105-500ML

Potassium antimony tartrate (C4H4KO7Sb) Sigma P-6949

RNAlater� stabilization solution Invitrogen Cat#AM7021

RNeasy Mini Kit Qiagen Cat#74104

RNase-free DNase Kit Qiagen Cat#79254

Qubit RNA HS Assay kit Invitrogen Cat#Q32852

Qubit DNA HS Assay kit Invitrogen Cat#Q32851

SYBR Green I master mix Zhishan Biotech Cat#190417

M-MLV reverse transcriptase BMI, Shenzhen, China Cat#2018092001

Taq polymerase Tiangen Biotech Cat#ET101-02

b-mercaptoethanol Sigma Cat#M3148-100ML

Experimental models: Organisms/strains

Trichodesmium IMS101 culture NCMA CCMP1985

Software and Algorithms

IBM� SPSS� Statistics IBM Version (25.0)

DinoCapture 2.0 AnMo Electronics Corporation Version: 1.5.43

Other

Stereoscopic microscope Nikon SMZ745

Phytoplankton net Aquatic Research Instrument, USA 100 mm

Real-time PCR System Bio-Rad, Singapore CFX96 TOUCH

Fast Prep-24TM 5G MP Biomedicals, USA 116005500
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d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Trichodesmium IMS101 culture

Laboratory culture of Trichodesmium erythraeum IMS101 was employed to examine the physical

property (‘‘stickiness’’) of synthesized particles used in this study (see later ‘‘Method details’’ – ‘‘Particle

preparation and description’’ – ‘‘P-free and P-rich particles’’ section). The culture was grown at 26�C with

10:14 h light-dark cycles at �80 mE m-2 sec-1 in a modified YBC-II medium that contained 50 mM Fe and

50 mM P.

METHOD DETAILS

Experiment overview

During the 2019 Trichodesmium spp. fall bloom in theGulf of Aqaba we conducted incubation experiments

on 17 individual days, encompassing an entire bloom season, using �1,200 natural puff-shaped colonies.

Each incubation experiment involved 20-100 freshly collected Trichodesmium colonies incubated with

P-free CaCO3, P-rich CaCO3, and dust. We documented and scored colony-particle interactions under a

stereoscope at three different time points, and combined these interaction scores to form a single colony

interaction index that assesses the temporal aspect of colony-particle interactions. In parallel, we examined

the expression of the P stress marker sphX in freshly collected colonies (T0) on 6 different days to assess the

P limitation status of Trichodesmium colonies throughout the season.

Colony collection

Trichodesmium colonies were collected from the Gulf of Aqaba in the Red Sea (29.56�N, 34.95�E). A 100 mm

phytoplankton net was repeatedly towed at 20 m depths for 7-10 min with a motorboat, at 1-2 knots. The

total volume of seawater filtered in each tow ranged from 16-62 m3 and colony density ranged from 0.06-3

colony/m3. The net concentrate was quickly transferred to 10 L acid-cleaned buckets and diluted in fresh

seawater to increase colony survival. Puff-shaped colonies were subsequently hand-picked from buckets

using sterile plastic droppers, and washed 3x by transferring them into petri dishes with 0.2 mm-filtered

seawater (FSW) under a stereoscope. Puff-shaped colonies, which can visibly be observed to collect and

center particles, were collected for our experiments in order to assess colony-particle interactions. Integral

and well-shaped colonies of similar size were individually selected and placed into separate wells of a 96-

well plate, containing 150 ml FSW and allowed to acclimate for at least 15 min prior to particle addition (see

below). Colonies were randomly distributed between treatments, ensuring equal distribution of different

morphotypes (typically 10-40 colonies per treatment).

Several morphotypes of puff-shaped colonies were observed throughout the season. On November 17th

and 19th, we separated two distinct morphotypes, ‘‘thin’’ and ‘‘dense’’, and compared their tendency to

interact with particles. Both morphotypes of colonies share a similar colony diameter (z1 mm), but differ

in their core volume, with small (0.008 mm3, n=18) and large cores (0.022 mm3, n=25) for thin and dense

colonies, respectively.

Particle preparation and description

P-free and P-rich particles. To ensure a P-free control in our experiments, we purchased a high-purity,

trace-metal clean calcium carbonate powder (99.999% purity). P-rich particles were generated by mixing

10 mg ml-1 CaCO3 with 50 mM KH2PO4 in FSW and shaking it for 24 h. The P-adsorbed CaCO3 particles

were subsequently collected by centrifugation, transferred into trace-metal clean glass beakers with

FSW and dried at 90�C for 24 h. We repeated the same procedure with P-free CaCO3 using FSW without

the addition of KH2PO4. No Fe-enrichment occurred during the adsorption of P onto particles since the

background contamination of Fe in the KH2PO4 solution was low and comparable to that of the seawater

used for suspending particles.

We studied the efficiency of P-adsorption on CaCO3 and the kinetics of P-desorption by measuring dis-

solved PO4
3- concentrations according to the ascorbic acid-molybdate blue method (Murphy and Riley,

ll
OPEN ACCESS

18 iScience 25, 103587, January 21, 2022

iScience
Article



1962) using a Cary 50 Varian UV-visible spectrophotometer. The adsorption of P on CaCO3 particles was

confirmed by calculating the loss of PO4
3- from KH2PO4 solution and by direct measurements of total P con-

tent of the particles (following their dissolution in hydrochloride acid). Both methods showed that at least

85% of the initially added PO4
3- was absorbed by CaCO3, to form P-rich CaCO3 (Figure S1).We followed the

P desorption kinetics to ensure that the particles retain some P throughout the experiment and to estimate

the P released during the incubation. These experiments showed that �3% of the P was desorbed from

P-rich CaCO3 to FSW prior to the incubation, while most of the P remained associated with CaCO3 and

continued to be released with time (Figure S1). No P was detected in the P-free CaCO3.

We confirmed that the adsorption of P onto particles did not increase their adhesion (or ‘‘stickiness’’) using

Trichodesmium IMS101 filaments, which typically do not interact with particles (Kessler et al., 2020a; Rubin

et al., 2011). Indeed, IMS101 did not interact with any of these particles, indicating that selection of P-rich

particles by natural colonies is not due to the particle’s stickiness.

Dust particles. Dust deposited on flat and clean surfaces (i.e. roof, window shades) at IUI was physically

removed and collected into a vial for this study. These dust particles originated from Sahara desert, Arabian

Peninsula and local sources, and they may also contain some anthropogenic aerosols from Europe (Chen

et al., 2007; MacKey et al., 2012; Torfstein et al., 2017). Dust was sieved through a 63 mm mesh to remove

large particles and washed by FSW to remove toxic components prior to the incubation with natural col-

onies (Kessler et al., 2020a).

Determination of colony-particle interactions

Incubation experiments. Freshly collected Trichodesmium spp. colonies were placed in a 96-well plate,

incubated with P-free and P-rich CaCO3 particles, andmaintained over a 24 h timeframe in a culture room at

25�C with 10:14 h light-dark cycles (�80 mE m-2 s-1) using cool, fluorescent white light. Particles were added

to wells of a 96-well plate, each containing one individual Trichodesmium spp. colony, by pipetting 15 ml of

a 10 mg ml-1 particle-seawater suspension directly to the colony (final particle concentration of 1 mg ml-1).

Parallel incubations of 10-20 colonies with dust particles were conducted using the same procedure as with

CaCO3 particles.

Assessment of colony-particle interactions. Colony-particle interactions with P-free and P-rich CaCO3

particles were observed and assessed according to three parameters as derived by Kessler et al. (2020a) for

dust interactions (Kessler et al., 2020a). The scoring criteria for each parameter was slightly modified due to

the weaker interactions observed between colonies and CaCO3 in comparison to dust (Kessler et al.,

2020a). As exemplified in Figure 1, the three parameters include: short-term interactions (ST, tested

15 min after particle addition), centering (tested after 1.5 h), and long-term interactions (LT, tested after

overnight-incubation; 13-27 h). For each parameter, the observed colony-particle interaction was assigned

one of three scores based on careful observations under a stereoscope.

Single-colony index. To characterize the colony collection and selection behavior, a single-colony index

was constructed by compiling all 27 possible variations of the three scores (3x3x3) for a single colony (Table

S1). This index hereby records the dynamics of a colony-particle interaction for the duration of the incuba-

tion period, where each variation concerns a pattern that is indicative of the overall tendency of an individ-

ual colony to collect or remove particles (Figure 2). Analyzing the index of all colonies yielded 12 common

patterns that described �90% of the colonies (Table S2). The 12 patterns were further grouped into four

categories showing increasing levels of colony-particle interactions (Figure 2).

Examination of P stress in natural colonies

To assess whether natural colonies were P-limited or not during the season, we examined the expression of

the P stress marker gene sphX of 40 in situ colonies on 6 individual days and 40 colonies (in duplicates) incu-

bated in a culture room with and without the addition of 5 mM PO4
3- for 24 h.

Sampling and RNA preservation. Natural colonies collected from each experiment were filtered onto

5 mm GE polycarbonate filters by gravity. Filters were then immediately folded and placed into 1.8 ml

RNase-free CryoTubesTM containing 1.5 ml RNA stabilization solution. Samples were frozen at �80�C or

ice (during the shipment) until RNA extraction at Xiamen University, China.
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RNA extraction and qRT-PCR. The RNA stabilization solution in each sample was carefully removed and

total RNA was extracted using the RNeasy Mini Kit according to manufacturer instructions, with the

following modifications. Briefly, buffer RLT containing 1% b-mercaptoethanol and RNase-free glass beads

(0.1 mm diameter) were added to samples, and the tubes were vortexed for 45 s by Fast Prep machine,

placed on ice for 1 min, and vortexed again for 45 s. The homogenized lysate was processed according

to Qiagen’s protocol, including on column DNase digestion using RNase-free DNase Kit to remove

genomic DNA. The resulting RNA was eluted in RNase-free water and subsequently quantified using the

Qubit RNA HS Assay kit according to the manufacturer’s protocol. The extracted RNA was converted to

single-stranded cDNA by using M-MLV reverse transcriptase in a 20 ml reaction volume containing

150 ng of random primers, 1 mM dNTP mix and 10 mM DTT. All cDNA was stored at -20 or �80�C.

Standard preparation and qPCR analysis. The clade-specific primers of housekeeping gene rnpB and

sphX were originally described by Chappell and Webb (2010) and Dalin Shi’s laboratory protocols, and

were relisted in Table S3. The dominant Trichodesmium sp. clade in experiments was characterized using

the clade-specific rnpB primers.

The clade-specific rnpB and sphX amplicons were amplified by PCR, separated by gel electrophoresis, purified

and ligated to the pMD18-T vector (Takara, Japan), and then cloned intoDH5aEscherichia coli competent cells.

Plasmid DNA from cultured clones were purified and sequenced to confirm specificity. The positive sequenced

plasmids were quantified using the Qubit DNA HS Assay kit and were used as standards.

All qPCR reactions were performed using a fluorescent quantitative instrument CFX 96 TOUCH. A SYBRGreen I

master mix was used for qPCR in 20 ml reactions containing approximately 5 ml of diluted template cDNA,

0.4 mM dNTPs, 200 nM each of the forward and reverse primers and 0.05 U Taq polymerase. Reactions were

conducted in triplicate using the following program: 95�C for 3 min, followed by 39 cycles of 95�C for 15 s,

60�C for 30 s and 72�C for 30 s. Standards ranging from 101 to 109 gene copies per well were amplified on

each plate with the cDNA generated from samples. Negative controls with nuclease-free water diluting

cDNA extracts were amplified on each plate to make sure contamination was not present in the reactions.

The standard curve efficiencies were always between 90 and 95% with R2 values > 0.99. The specificity of

qPCR reactions was confirmed by melting curve analysis and sequencing analysis. The copy numbers of the

target genes in each sample were calculated from the standard curve. Relative expressions of sphX in samples

were derived by normalizing copy number of sphX to copy numbers of rnpB in the same well.

Compilation of particle selection studies

Experimental and technical differences. The study of Kessler et al., 2020a was performed in spring

2016, while this study in fall 2019. This may result in significant differences in the colony’s nutritional status

and morphotypes. The studies differ also by the type and amount of dust used for the experiments (5 and

1,000 mg L-1 for Kessler et al., 2020a and this study, respectively.). Besides, the two studies employed

different scoring criteria to assess colony-particle interactions.

Comparison. In order to overcome the differences among studies, we combined all colonies that were

assunged with positive scores + and ++). Then we plot (Figure 9) the percentage of colonies that retained

particles after the overnight-incubation (LT), ) against the percentage of colonies that initially interacted

with particles (ST). Dead or opened-up colonies were excluded from the analysis. This analysis totally

covered 461 and 1,104 natural colonies incubated with 9 types of particles in Kessler et al. (2020a) and

this study, respectively.

QUANTIFICATION AND STATISTICAL ANALYSES

Statistical differences among P-free CaCO3, P-rich CaCO3 and dust treatments were analyzed through a

contingency table using IBM SPSS software (v25.0). Depending on the sample size (n represents the total

number of colonies), a 2-sided Fisher’s exact (n = 38 for P-free CaCO3 and 36 for P-rich CaCO3 treatments)

or Pearson’s X-squared (n = 459 for P-free CaCO3, 475 for P-rich CaCO3, and 170 for dust treatments) test

was employed for determining significance between treatments (p<0.05). Cramer’s V-value was simulta-

neously measured for assessing the association-strength between treatments.
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