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Abstract

The formation of surface blooms by the diazotrophic Trichodesmium is a critical biogeochemical event,
yet the physiological drivers governing its vertical ascent and subsequent tolerance to high surface
irradiance remain obscure. Here, by measuring sinking and floating velocities, analyzing transcriptome
responses, and tracking the subcellular distribution of gas vesicles, we show that nutrient starvation is the
primary trigger for vertical ascent. Specifically, iron or phosphorus depletion inhibits metabolic ballasting,
disrupting the equilibrium with gas vesicle lift and driving Trichodesmium towards surface waters.
Moreover, this vertical migration is safeguarded by a light-dependent metabolic "safety brake" that
prevents irreversible sinking to the deep ocean. Upon reaching the surface, Trichodesmium shifts to
utilizing alternative organic phosphorus sources. Particularly, the utilization of methylphosphonate (MPn)
activates a distinct "surface-survival mode" characterized by the downregulation of photosynthetic
activity and the relocalization of gas vesicles to form peripheral optical shields. Our findings reveal a
coordinated strategy linking nutrient sensing, buoyancy regulation, and photoprotection, explaining how

Trichodesmium secures its ecological success under the high irradiance of the oligotrophic surface oceans.



Introduction

Trichodesmium is a globally significant diazotroph, contributing up to half of the total biological
nitrogen fixation in oligotrophic subtropical and tropical oceans'=. It forms extensive surface blooms that
release bioavailable nitrogen®®, fueling marine microbial food webs and sustaining primary productivity
in nitrogen-limited waters’. A defining characteristic of Trichodesmium is its ability to vertically migrate
within the euphotic zone, allowing populations to access deep nutrient pools while inhabiting the surface
waters!%12,

For decades, these vertical dynamics have been interpreted through the carbohydrate model'!"'*. In
this paradigm, gas vesicles confer baseline positive buoyancy!'*>"!”, which is then modulated by the diel
accumulation and consumption of carbohydrate ballast'"!®. While this model explains daily migration
cycles, it is contradicted by the persistence of surface blooms, where populations defy the gravity-driven
sinking expected from carbohydrate accumulation and remain buoyant.

Extended residence within the surface waters exposes Trichodesmium to inhibitory, and often lethal,
solar radiation"'*?°. To cope, Trichodesmium employs a suite of photoprotective strategies: colony
formation provides self-shading for internal trichomes?!, while gas vesicles in Trichodesmium erythraeum
IMS101 are peripherally arranged, acting as optical barriers to scatter excessive incident light!”-?2. These
structural barriers are further bolstered by robust physiological defenses, including antioxidant systems
and thermal dissipation?>?. Yet, a critical gap remains. It is unknown how Trichodesmium coordinates

these high-light adaptations with buoyancy regulation to override metabolic ballasting, thereby allowing

it to persist under high intensities of incident sunlight in tropical surface oceans.



Trichodesmium sometimes loses buoyancy regulation and is sensitive to high light under laboratory
conditions?*?®, This loss of function led us to hypothesize that specific environmental factors govern these
traits. Here, we demonstrate that nutrient status (specifically Fe and P depletion) and light intensity jointly
regulate buoyancy in 7. erythraeum IMS101 by modulating the equilibrium between cellular ballasting
and gas vesicle lift. Moreover, we identify that methylphosphonate (MPn), a specific component of the

dissolved organic phosphorus pool in oligotrophic surface waters?’?°

, initiates a physiological response
that promotes surface retention and confers resilience to high light. These findings provide a mechanistic
explanation for buoyancy regulation and survival under intense surface irradiance.

Results

Interactive regulation of buoyancy by nutrient status and light intensity

Nutrient starvation drives surface retention. To determine the primary regulators of vertical migration, we
examined the impact of nutrient status, specifically iron (Fe) and phosphorus (P) availability. In Fe-replete
cultures, filaments exhibited a net sinking phenotype (descent rate: 0.025 = 0.005 m h™'; Fig. 1a, 1d).
Conversely, Fe depletion triggered a buoyancy reversal, resulting in an ascent rate of 0.031 +=0.004 m h™".
We observed a similar response under P limitation (Fig. 1b, le); filaments descended under phosphate-
replete conditions (5 uM), whereas P depletion consistently triggered ascent. The timing of this ascent
varied with initial phosphorus concentration (0-1 pM). This was confirmed in semi-continuous cultures,
where limiting phosphate (0.5 uM) drove ascent rates of 0.021 = 0.011 m h™'. P-limited conditions resulted

in significantly reduced cellular C, N, and P assimilation (Supplementary Figs. la-c; p < 0.0001, p =

0.0007, p =0.0007, respectively), indicating that growth arrest limits the accumulation of cellular ballast,



thereby tipping the balance toward gas vesicle-mediated buoyancy.

Phosphonates trigger positive buoyancy. Considering the diversity of dissolved phosphorus forms in
the ocean beyond the commonly studied inorganic phosphate, we investigated the specific effects of
different forms of P on buoyancy. Several labile P sources, including tripolyphosphate (TPP) and organic
phosphoesters (glycerol-3-phosphate, fructose-1,6-bisphosphate, and adenosine monophosphate),
consistently sustained high assimilation rates and a sinking phenotype (Fig. 1¢, Supplementary Figs. 1d-
f). In contrast, phosphonates—specifically methylphosphonate (MPn) and aminoethylphosphonate
(AEP)—induced positive buoyancy (Fig. Ic, Fig. 2a).

MPn overrides light-dependent buoyancy regulation. Under phosphate-replete conditions,
Trichodesmium exhibited a light-dependent buoyancy response driven by cellular ballast accumulation.
Specifically, at light intensities from 60 to 370 umol photons m™ s, filaments sank with descent rates
ranging from 0.009 to 0.017 m h™' (Fig. 2a). These rates were negatively correlated with carbon and
phosphorus assimilation but independent of gas vesicle content (Fig. 2a-e; carbon: » = -0.62, p = 0.014,
phosphorus: »=-0.51, p = 0.049, gas vesicle: = 0.39, p = 0.293, respectively). Under low light (30 umol
photons m™2 s7'), this regime reversed, with filaments ascending at 0.014 = 0.005 m h™' (Fig. 2a). The
ascent was coupled with a significant reduction in C and P assimilation compared to filaments cultured at
60 umol photons m2 s! (Fig. 2b, d; p < 0.0001, p = 0.049), while gas vesicle content remained constant
(Fig. 2g; p = 0.999). We define this transition threshold, occurring at > 30 pmol photons m=2 s™!
(approximating a depth of < 80 m)*’, as the buoyancy compensation depth (BCD).

Supplying MPn as a P source overrode this light-dependent regulation. Under MPn enrichment,



Trichodesmium maintained consistently positive buoyancy across all growth acclimated light intensities
(ascent rates: 0.029-0.071 m h'; Fig. 2a), which was accompanied by significantly lower carbon and
phosphorus assimilation compared to Pi-grown filaments (Fig. 2b, d; p < 0.0001, p < 0.0001). These
cultures also retained elevated gas vesicle content even under low light (Fig. 2g; p < 0.0001).
Consequently, ascent rates became positively correlated with gas vesicle content rather than carbon and
phosphorus assimilation (Fig. 2f; gas vesicle: »=0.93, p <0.0001, carbon: »=0.34 p = 0.168, phosphorus:
r=0.48, p = 0.054). Redundancy analysis (RDA) identified gas vesicle content as a positive predictor of
buoyancy, while carbon and phosphorus assimilation were negative predictors (Fig. 2h). This confirmed
a regime shift where the presence of gas vesicles superseded metabolic ballast as the primary buoyancy
driver in MPn-grown cultures. While our observed ascent rate (~0.07 m h™') is lower than the
instantaneous velocities reported for large colonies or for Trichodesmium undergoing programmed cell
death (~2.5mh™")!>1%3! it aligns closely with the net vertical migration rates (~0.1 m h™") derived from
field studies'®, which account for the bidirectional nature of vertical movement'"!2,

Mechanisms enabling Trichodesmium to survive under high light

MPn confers physiological resilience to high light. Trichodesmium in the ocean experiences a broad range
of light intensities, from less than 0.1% of surface photosynthetically active radiation (PAR) to over 2000
umol photons m™2 s™" at midday in the tropical surface oceans. Here, we show that Trichodesmium grown
under 30 to 370 pmol photons m™2 s exhibited slower growth when utilizing MPn (0.14-0.34 d")
compared to phosphate (0.18-0.51 d°*; Fig. 3a; p <0.0001). However, under a light intensity of 680 umol

photons m2 s™!, phosphate-grown cultures collapsed, whereas MPn-grown cultures sustained a robust



growth rate 0f 0.26 = 0.02 d ™. This resilience was corroborated by acute exposure assays. In cultures pre-
acclimated for 2 months to 150 pmol photons m™2 s™! and then subjected to 900 umol photons m2 s™* for
11 days, those supplied with MPn demonstrated robust growth, while those with aminoethylphosphonate
(AEP) maintained stable biomass. Conversely, P-limited cultures, and those relying on phosphate,
polyphosphates, or phosphate esters, collapsed (Fig. 3b).

MPn induces gas vesicle rearrangement to form a light-protective barrier. To elucidate the underlying
mechanisms for these characteristics, we performed transcriptional analysis. Principal component analysis
(PCA) of the transcriptome revealed distinct gene expression profiles that were driven by phosphorus
source and light intensity (Supplementary Fig. 2). Gene set enrichment analysis (GSEA) showed
significant upregulation of cell differentiation (sporulation-annotated) developmental gene set in MPn-
grown cultures (Fig. 3¢c; NES = 2.08, g-value < 0.001), which may reflect intracellular morphogenetic
remodeling rather than terminal cellular differentiation (e.g. cysts or spores) that is not typically observed
in Trichodesmium. Along with the transcriptional change, microscopy revealed a re-localization of gas
vesicles to the cell periphery in MPn-grown cells, forming a perimeter around the central cytoplasm that
functions as a light-protective barrier (Fig. 3e-g). This configuration was light-dependent, increasing in
frequency from 56% of cells at low light to 94% at high light (Fig. 3d), aligning with observations of
natural T. erythraeum populations in surface waters’. In contrast, gas vesicles in phosphate-grown cells
remained randomly distributed (Fig. 3h-j), with only 9-29% of cells exhibiting the peripheral arrangement
across all tested light intensities (Fig. 3d), a finding consistent with previous reports®. Similarly, this

random arrangement persisted even under prolonged P-depleted conditions (following a two-month pre-



culture, Supplementary Fig.3), where only ~12% of cells exhibited the peripheral configuration.
Coordinated dampening of photosynthesis minimizes oxidative stress under MPn. In addition to the
reorganized cellular arrangement of gas vesicles, MPn enrichment induced a distinct physiological shift
in photosynthetic performance. Compared to phosphate-grown cultures, MPn-grown cells exhibited
reduced initial slopes of the photosynthesis-irradiance curves (a) and suppressed maximum electron
transport rates (rETRmax) (Fig. 4a, b; p < 0.0001, p < 0.0001). Transcriptomic analysis confirmed a
coordinated global repression of the photosynthetic machinery, characterized by the downregulation of
transcripts encoding chlorophyll-a biosynthesis enzymes, phycobilisome antenna complexes
(phycocyanin, allophycocyanin, and phycoerythrin), Photosystems I and II (PSI, PSII), cytochrome bsf,
and ATP synthase (Fig. 4c, d, Supplementary Fig. 4). Since the photosystems are the primary generators

of reactive oxygen species (ROS) under excessive irradiance***!

, reducing the effective optical cross-
section (via antenna reduction) and constricting electron throughput directly limit the accumulation of
damaging excitation pressure*?,

MPn utilization drives a fundamental metabolic trade-off, necessitating a strategic shift from growth
to survival. Gene set enrichment analysis (GSEA) revealed a stark shift in global gene expression profiles
(Fig. 4d, Supplementary Fig. 4): while phosphonate metabolism was upregulated (NES = 1.68, ¢ =0.197),
pathways essential for cell growth, including ribosome biogenesis (NES = -3.70, ¢ < 0.001), DNA
replication (NES = -1.75, ¢ = 0.079), and RNA polymerase activity (NES = -1.80, g = 0.071), were
downregulated. Venn analysis of differentially expressed genes showed that SphR (Tery 2902), a PhoB-

33,34

homologous regulator of the two-component system”>*, was significantly upregulated across all three



light levels (Fig. 4d, Supplementary Fig. 5). This PhoB regulator potentially coordinates global
reprogramming by activating P-acquisition genes (including the pAn operon) and modulating the trade-
off between tolerance to high light and biomass accumulation.
Discussion
Our results substantially advance the prevailing understanding of Trichodesmium vertical dynamics,
evolving the model from a passive, carbohydrate-ballasted model to an active, state-dependent regulation
system. We propose a conceptual framework in which nutrient stress and light availability drive the
population to alternate between "Growth-Migration Mode" and "Surface-Survival Mode" (Fig. 5).

In the "Growth-Migration Mode," effective nutrient acquisition supports active growth with a diel

vertical migration driven by light-regulated carbohydrate ballasting!!!%17:18

. This cycle maintains
Trichodesmium in an optimal subsurface niche, the lower limit of which constitutes a metabolic 'safety
brake'—the buoyancy compensation depth (BCD). Defined by the minimum light threshold (> 30 pmol
photons m2 s7') required to generate sinking ballast (Fig. 2), the buoyancy compensation depth prevents
colonies from sinking to critical depths (> 120-200 m) where hydrostatic pressure would cause irreversible
gas vesicle collapse!®, thereby confining the population to subsurface waters. Accordingly, colonies
observed below this physiological limit likely represent a loss of metabolic control®*, driven by passive
sinking mechanisms such as senescence (Supplementary Fig. 6), mineral ballasting®¢, or programmed cell
death®!9:3536

While this carbohydrate model explains diel migration in subsurface waters, it fails to account for

the persistence of surface blooms’. We address this paradox by demonstrating that nutrient starvation acts



as the primary driver disrupting the migration cycle. Unlike other bloom-forming cyanobacteria such as
Anabaena circinalis or Microcystis aeruginosa, which lose buoyancy during nutrient stress®’,
Trichodesmium actively retains surface buoyancy under Fe or P depletion (Fig.1). This distinctive
"starvation response" likely represents a specialized evolutionary adaptation to the oligotrophic ocean,
maintaining populations in the surface waters to maximize interception and utilization of surface nutrient
sources such as atmospheric dust and its associated nutrients®-4!,

Central to this surface-retention strategy is the utilization of methylphosphonate (MPn) during
periods of inorganic phosphorus limitation*®, which can especially occur during the mass accumulation
of Trichodesmium biomass on the surface of the tropical oceans*®. While labile phosphorus supports rapid
growth and sinking phenotypes, assimilation of MPn activates a "Surface-Survival Mode", which enforces
a buoyant phenotype and induces a profound structural remodeling: the relocalization of gas vesicles to
the cell periphery (Figs. 2, 3). This dynamic plasticity transforms gas vesicles from simple buoyancy
devices into an optical "shield" that scatters incident light, providing a mechanistic explanation for the
peripheral gas vesicle distribution typically observed in surface ocean populations'”?**. Crucially, this
structural defense is coupled with a metabolic trade-off: a global repression of photosynthetic machinery.
Given that the photosystems are the primary generator of reactive oxygen species (ROS)***, reducing
the antenna cross-section and constricting electron throughput directly minimizes ROS generation (Fig.
4)*. This metabolic trade-off coincides with a broad downregulation of growth processes, including

ribosome biogenesis and DNA/RNA replication (Fig. 4). Thus, the population shifts from a growth-

oriented state to a persistence-oriented state, prioritizing stress tolerance over rapid biomass accumulation



to endure the hostile radiative environment of surface waters.

Based on these findings, we propose a refined model of bloom development (Fig. 5) in which
Trichodesmium’s initial proliferation occurs in subsurface waters, with surface blooms representing the
terminal growth stage change driven by nutrient exhaustion. This mechanism reconciles field observations:
in the P-limited VAHINE mesocosm experiment, surface accumulation lagged behind the initial growth
phase, appearing after a distinct phosphate drawdown®*>6; similarly, on the Fe-limited West Florida Shelf,
while dust deposition initiates production, the persistence of surface blooms coincides with the subsequent
exhaustion of phosphorus*’. Viewing surface blooms as the visible signature of subsurface nutrient
exhaustion, our framework predicts that in a warming ocean, where intensified stratification further limits
nutrient supply*®>!, there may be a shift towards smaller, more ephemeral surface populations. Ultimately,
by linking nutrient-driven ascent with MPn-mediated surface persistence (Fig. 5), this study provides a
unified physiological basis for anticipating the resilience and distribution of Trichodesmium blooms in

the future ocean.



Methods

Culture conditions. Stock cultures of Trichodesmium IMS101 were maintained in nitrogen-free YBCII
medium?®, supplemented with 50 pM phosphate. The cultures were grown at 27 + 1°C under a light
intensity of 110 umol photons m s, following a 12 h:12 h light:dark cycle using white LED tubes. In
Experiment I (corresponding to Fig. 1): to define the buoyancy response to specific nutrient limitations,
two parallel setups were established. First, for iron limitation, 7richodesmium was grown in batch cultures.
Filaments were collected, washed thoroughly with iron-free medium, and resuspended in YBCII medium
lacking added iron but supplemented with 20 uM EDTA. Cultures were maintained at a light intensity of
150 pmol photons m2s™. For the iron-replete group, 0.4 uM FeCls was added. Buoyancy was assessed
and photographed on day 14, when the iron-depleted population accumulated at the surface following the
exhaustion of intracellular iron reserves and residual background iron. Second, regarding phosphorus
availability, filaments were washed with phosphorus-free medium and inoculated into batch cultures with
varying phosphate concentrations (0, 0.5, 1, and 5 pM) in batch mode, with phenotypes recorded on day
15. Additionally, to ensure stable physiological states, cultures were maintained under phosphorus-replete
(5 uM) and phosphorus-limited (0.5 uM) conditions in semi-continuous mode for two months prior to
assessment. In Experiment II (corresponding to Figs. 1 and 3), we investigated the effects of different
phosphorus sources. YBCII medium was modified to contain 5 pM of specific phosphorus compounds
serving as the sole P source. These treatments included phosphate esters (glycerol-3-phosphate, fructose-
1,6-bisphosphate, and adenosine-5-phosphate), phosphonate (2-aminoethylphosphonate), and

polyphosphate (tripolyphosphate), representing phosphorus-replete conditions. In addition, inorganic



phosphate (5 uM, Pi"), a phosphorus-limited (0.5 uM, Pi’) control group were included, as described in
the experiment I. All cultures were maintained in an iron-replete, semi-continuous mode at a light intensity
of 150 umol photons m™2 s™!, and diluted every 3-5 days. Following a two-month acclimation period,
buoyancy was measured (see below). Subsequently, the cultures were exposed to high irradiance (900
umol photons m™ s™') to evaluate their high-light response. In Experiment III (presenting results for Figs.
2, 3, and 4), to assess long-term light adaptation, Trichodesmium was grown in semi-continuous cultures
across six light intensities (30, 60, 110, 220, 370, and 680 pmol photons m™ s™'), using either 50 uM
phosphate (P1) or methylphosphonate (MPn) as the phosphorus source. Cultures were acclimated for one
year prior to physiological measurements. Notably, cultures supplied with Pi could not be sustained at the
highest irradiance (680 umol photons m2 s7'), despite three independent attempts to establish the culture.
Buoyancy assay. Buoyancy was quantified as the vertical migration rate using the SETCOL method>>>3,
To ensure consistent experimental conditions, the ascent and descent rates were measured in an incubator
(HP300G-C, Ruihua, China). Briefly, 50 mL of subsamples were taken from the initial culture (B1) and
after 2 h (B2) of incubation to measure the chlorophyll a (Chl @) concentration and correct for growth
during the settling period. The culture suspension was mixed thoroughly, poured into a settling column
and left undisturbed for 2 h. After settling, Chl a concentration of the upper column (Bu) region was
measured. Subsequently, the culture from the middle fraction was carefully drained, and the Chl a
concentration of the settled (bottom) fraction (Bs) was determined. The ascent rates (A) and descent rates

(D) were calculated using the formula of the SETCOL method>>%:

_ Vux[Bu_(Bl+Bz)/2]
T VpX(By+By)/2

l
A XZ (D)



— VsX[Bs_(Bl+BZ)/2] X£
T Vex(B1+By)/2 t

D

)
where Vu, Vs, and Vi represent the volumes of the upper compartment, settled compartment, and total
column, respectively; / is the column height (m); t is the settling duration (2 h).

Chlorophyll a content. For chlorophyll a (Chl a) quantification, filaments were filtered onto GF/F filters
(25 mm, Whatman, USA) and extracted in absolute methanol at 4 °C for 12 h in the dark. Extracts were
centrifuged at 12,000 g for 4 min, and the supernatants were scanned for absorbance from 250 - 800 nm
using a Cary 60 spectrophotometer (Agilent, CA, USA). Chl a concentration was calculated using the

following formula*:

1y = 12.9447XV,(0Dggs—0D7s0)

Chl a (ug mL~ v

3)
where ODsss and OD7s0 are the absorbances at wavelengths 665 nm and 750 nm respectively; Ve and Vs
are the volumes of the extract and the filtered sample.

Specific growth rate. Specific growth rate (1) was derived from the Chl a concentration using the equation:

'u(d_l)zlnmz—lnml )

where m:2 and m; represent the Chl a concentrations at times #2 and #;.
Chlorophyll fluorescence measurements. Rapid light curves (RLCs, Supplementary Figs. 7) were

generated using Multi-color PAM (Walz, Germany) across 11 actinic light intensities [E] from 5 to 2904

umol photons m™ s with 30 s exposures each. Data were fitted to the Eilers-Peeters model®>:

rETR = ———2 (5)

axXE2+bXE+c

where a, b, and c are the fitting coefficients. Relative photosynthetic light-harvesting efficiency (initial

slopes, o) and maximum relative electron transport rate (rETRmax) were derived as:



a =

(6)

1
c

1

TETR 0 = (oo (7

Carbon and nitrogen assimilation. The assimilation rates for carbon and nitrogen were evaluated by
monitoring changes in particulate organic carbon (POC) and particulate organic nitrogen (PON) over a
12 h period. Samples were collected at the onset of the light period and after 12 h, filtered onto pre-
combusted GF/F filters (450 °C for 4 h), and rinsed with 100 mL of nitrogen-free YBCII. The filters were
acidified with HCI fumes for 24 h, and dried at 60°C for another 24 h to remove unassimilated inorganic
carbon. POC and PON were quantified using an elemental analyzer (vario EL cube, Elementar, Germany).
Phosphorus assimilation. Phosphorus assimilation rates were determined by measuring particulate
phosphorus (PP) accumulation over a 12 h light period following the Solérzano method>®. Samples were
filtered onto pre-combusted GF/F filters and rinsed with 100 mL of phosphorus-free YBCII. Filters were
then soaked in 0.017 M MgSOu4, dried at 95 °C, and baked at 450 °C for 2 h. Prior to analysis, samples
were hydrolyzed with 0.2 M HCI at 80 °C for 30 min, and analyzed using an auto-analyzer (AA3, Seal,
Germany).

Gas vesicle content. Relative gas vesicle content was quantified as the percentage of vesicle area relative
to the total cell area in transmission electron micrographs, analyzed using Imagel. At least 25 cells were
analyzed for each condition. For sample preparation, filaments were fixed in 2% (v/v) glutaraldehyde in
seawater at 27°C for 1 h, then kept at 4°C overnight. After centrifugation at 500 g, the filaments were
embedded in 2% low-melting-point agar and post-fixed in 2% glutaraldehyde at 4°C overnight. Samples

were rinsed three times with phosphate buffer (PB) for 15 min each, then stained with 2% (w/v) osmium



tetroxide (OsO4) in PB at 4°C for 2 h, and rinsed again three times. Desalting was performed using a
graded series of PB dilutions in distilled water (75%, 50%, 25%, and 0%) for 15 min at room temperature.
Dehydration was achieved using 30% and 50% ethanol for 15 min each, followed by overnight staining
with 2% uranyl acetate in 70% ethanol. After three rinses, samples were further dehydrated in 90% and
100% ethanol for 15 min each. The samples were then dehydrated by a series of acetone dilutions (25%,
50%, 75%, and 100% in ethanol) for 15 min each. Filaments were infiltrated sequentially with Epon 812
resin in acetone at concentrations of 25% (45 min), 50% (2 h), 75% (2 h), and 100% (overnight). Excess
resin was removed, and samples were kept at 70°C for 24 h. After cooling, the embedded cells were
sectioned into 75 nm slices and imaged using an electron microscope (Hitachi HT-7800, Japan).
Transmission electron microscopy (TEM) images were obtained of longitudinal sections at 3000x
magnification and cross-sections at 4000x magnification.

Gas vesicle arrangement. To examine the arrangement of gas vesicles, fresh filaments were collected and
imaged at 400% magnification using a light microscope (Nikon ECLIPSE Ts-FL, Japan). Gas vesicle
arrangement patterns were classified into three categories: random, half-surrounding, and surrounding the
cell periphery. For each treatment, we analyzed at least 300 cells to ensure robust estimates.

RNA extraction. Trichodesmium IMS101 was maintained in semi-continuous cultures supplemented with
either 50 pM methylphosphonate or phosphate under three light intensities (30, 60, and 370 umol photons
m2 s7!). Each treatment included three biological replicates. Samples were filtered onto polycarbonate
filters (5 um, Whatman, UK) at the mid-light cycle, immediately frozen in liquid nitrogen, and stored at

-80 °C. Total RNA was extracted using TRIzol Reagent (Life Technologies, CA, USA). RNA quality and



integrity were assessed by agarose gel electrophoresis and a Bioanalyzer 2100 (Agilent, CA, USA), and
concentrations were measured with a NanoPhotometer® spectrophotometer (Implen, CA, USA).

Transcriptome sequencing and analysis. Total RNA (1ug) was used for cDNA library construction.
Ribosomal RNA (rRNA) was depleted using the lllumina Ribo-Zero rRNA Removal Kit (Illumina, USA).
cDNA libraries were prepared with the NEBNext Ultra Il RNA Library Prep Kit (New England Biolabs,
USA) and purified with Agencourt AMPure XP beads (Beckman Coulter,USA). Library amplification
and clustering were performed using NEBNext Q5 Hot Start HiFi PCR Master Mix (New England Biolabs,
USA) on a cBot Cluster Generation System. Sequencing was conducted on the Illumina Novaseq 6000
platform, generating 150 bp paired-end reads. Raw data were processed using fastp (version 0.18.0)°* to
trim adapters from reads and to remove those with over 10% unknown nucleotides, and low-quality reads
(where > 50% of bases had a Phred quality score Q <20). Clean reads were mapped to the Trichodesmium
IMS101 genome (Genome ID 2606217490), obtained from the Integrated Microbial Genomes (IMG)

database (https://img.jgi.doe.gov/), using Bowtie 2 (version 2.2.8)%. Reads mapping to rRNA or with

excessive mismatches were discarded. Gene expression levels were quantified using RSEM®, Differential
expression analysis was performed with DESeq?2 (v1.4.5)%, using thresholds of logz Fold Change > 1 and
adjusted p-value < 0.05. Gene Ontology (GO) and KEGG pathway analyses were conducted using
Omicsmart platform (http://www.omicsmart.com). Statistical correlations, Venn diagrams, and Principal
Component Analysis (PCA) were performed in R (version 1.8.4) using the psych, VennDiagram, and
gmodels packages, respectively. Gene set enrichment analysis (GSEA) was carried out using the GSEA

software with the MSigDB database to identify significantly enriched GO terms and KEGG pathways®'.


https://img.jgi.doe.gov/

Genes were ranked based on the signal-to-noise ratio of their expression levels. The enrichment score (ES)
and p-values were calculated under default parameter settings.

Statistical analysis. Data are presented as mean + sd (n=3 independent biological replicates). Data
normality and variance homogeneity were verified using the Shapiro-Wilk and Brown-Forsythe tests,
respectively. Statistical comparisons were performed using two-sided Student’s t-tests or one-way or
two-way ANOVA followed by two-sided Tukey’s post hoc test, and linear regression was used for

correlation analyses. All tests were two-sided with P<0.05 considered statistically significant.
Data availability
The RNA-sequencing data generated in this study have been deposited in the Genome Sequence Archive

(GSA) database under accession code CRA038782 (https://ngdc.cncb.ac.cn/gsa/browse/CRA038782).

Source data are provided with this paper.
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Figure Legends

Fig. 1 | Nutrient availability regulates buoyancy in Trichodesmium IMS 101. a-c, Vertical ascent rates
of Trichodesmium grown under different nutrient conditions: iron-replete (Fe*) versus iron-deplete (Fe’,
a); phosphate-replete (Pi*) versus phosphate-deplete (Pi", b); and varying organic phosphorus sources (c).
Data are mean = sd (n = 3 biologically independent samples). Different letters denote statistically
significant differences (for a,b two-sided unpaired Student’s t-test, p = 0.0001, p = 0.001; for c, one-way
ANOVA followed by two-sided Tukey’s post hoc multiple comparison test, AEP differs significantly
from TPP, G3P, F1,6P, and AMP, all p < 0.0001). d,e, Vertical distribution of Trichodesmium after two
weeks of batch culture. d, Comparison between iron-replete (bottom) and iron-deplete (surface)
conditions. e, Response to a gradient of phosphate concentrations (0-5 uM). Red frames highlight the
primary depth distribution of biomass. Fe, iron; Pi, phosphate; AEP, aminoethylphosphonate; TPP,
tripolyphosphate; G3P, glycerol 3-phosphate; F1,6P, fructose-1,6-bisphosphate; AMP, adenosine

monophosphate. Source data are provided as a Source Data file.



Fig. 2 | Interactive effects of light intensity and phosphorus source on Trichodesmium buoyancy and
metabolism. a-d, Physiological responses to light intensity. Vertical ascent rates (a) and assimilation rates
of carbon (b), nitrogen (¢), and phosphorus (d) measured during the light period. Data in a-d are presented
as mean = sd (n = 3 biologically independent samples). e, f, Heatmaps of Pearson correlation coefficients
between physiological parameters in Pi-grown (e) and MPn-grown (f) cultures. Red indicates positive
correlation; blue indicates negative correlation. g, Relative gas vesicle volume fraction quantified from
transmission electron microscope images. Data are presented as mean + sd (analyzed cell numbers: n =
37,37, 26 Pi-grown cultures, and n =31, 47, 33 for MPn-grown cultures at 30, 60, and 370 umol photons
m2s! umol photons m™2 s~!, respectively). Different letters denote statistically significant differences
between Pi- and MPn-grown cultures (two-way ANOVA followed by two-sided Tukey’s post hoc multiple
comparison test). h, Redundancy analysis (RDA) biplot showing the relationship between environmental

factors (green arrows: MPn/Pi supply, light level) and physiological variables (magenta arrows). Source

data are provided as a Source Data file.



Fig. 3 | Utilization of methylphosphonate enhances high-light tolerance in Trichodesmium. a,
Specific growth rate of Trichodesmium after 12 months of acclimation to light intensities ranging from 30
to 680 umol photons m2 s (two-way ANOVA followed by two-sided Tukey’s post hoc test). Asterisk (*)
indicates significant differences between Pi- and MPn-grown cultures at 110, 220, 370 umol photons m™
s~! (all p<0.0001). b, High light tolerance assay. Trichodesmium was grown for two months with different
phosphorus sources before exposure to extreme light (900 umol photons m2 s!). Data in a and b are
presented as mean + sd (n = 3 biologically independent samples). ¢, Gene set enrichment analysis (GSEA)
revealing significant upregulation of cell differentiation genes in MPn-grown cultures. NES, normalized
enrichment score; g, false discovery rate. d, Frequency distribution of gas vesicle positioning across
different light intensities (analyzed cell numbers: n = 414, 379, 371 for Pi-grown cultures, and n = 460,
370, 345, 332 for MPn-grown cultures at 30, 60, 370, and 680 pmol photons m™2 s™', respectively). e-j,
Gas vesicle arrangement in methylphosphonate-grown (e-g) and phosphate-grown (h-j) cells at 370 umol
photons m s7'. e, h, Optical micrographs (scale bars, 10 pm); f, i, Transmission electron microscopy
(TEM) longitudinal sections (scale bars, 2 um); g, j, TEM cross-sections (scale bars, 1 um). Micrographs
are representative of cells pooled from three biologically independent cultures, with similar gas vesicle
arrangements observed in multiple fields of view (corresponding quantitative data and sample sizes are
shown in Fig. 2g and Fig. 3d). S, surround (peripheral); HS, half-surround (semi-peripheral); R, random
arrangement. Red arrows and dashed outlines highlight the gas vesicles. Pi*, phosphate-replete; Pi’,
phosphate deplete; MPn, methylphosphonate; AEP, aminoethylphosphonate; TPP, tripolyphosphate; G3P,

glycerol 3-phosphate; F1,6P, fructose 1,6-bisphosphate; AMP, adenosine monophosphate. Source data are



provided as a Source Data file.



Fig. 4 | Coordinated downregulation of photosynthesis and biosynthetic machinery in MPn-grown
Trichodesmium. a, b, Photosynthetic parameters derived from fluorescence-based photosynthesis
irradiance curves (P-I curves): relative photosynthetic light-harvesting efficiency (initial slopes, a; a) and
maximum relative electron transport rate (tETRmax; b) of Trichodesmium grown with phosphate (Pi) or
methylphosphonate (MPn). Data are presented as mean + sd (n=3 biologically independent samples).
Asterisk (*) indicates significant differences between Pi- and MPn-grown cultures at individual light
intensities (two-way ANOVA followed by two-sided Tukey’s post hoc test; for a, p <0.0001 at all light
intensities; for rTETRmax, p = 0.03, p =0.02, p < 0.0001, p =0.0006 at 60, 110, 220, 370 pmol photons m™
s7!, respectively). ¢, Schematic illustrating the downregulation of photosynthetic apparatus in MPn-grown
cells compared to Pi-grown cells under light intensity of 370 umol photons m™ s™'. Protein complexes
encoded by downregulated genes are highlighted in blue. Created in BioRender. Zou, C. (2026)
https://BioRender.com/3y94q2. d, Heatmap profiling the differential expression (logz fold changes) of
genes related to phosphonate metabolism, photosynthesis, DNA replication and protein synthesis in MPn-
grown cells compared to Pi-grown cells under light intensities of 30, 60, and 370 umol photons m2 s
(12 months acclimation). Red indicates upregulation; blue indicates downregulation. /v, light photons;
PSII, photosystem II; PSI, photosystem I; Chl a, chlorophyll a; NDH, NAD(P)H dehydrogenase; PQ,
plastoquinone; Cyt b¢/f, cytochrome be/f complex; PC, plastocyanin; Cyt ¢, Cytochrome c¢; Cytcox,
Cytochrome c¢ oxidase; Fd, ferredoxin; FNR, ferredoxin-NADP reductase; isiA, photoprotective protein.

Source data are provided as a Source Data file.



Fig. 5 | Conceptual illustration of Trichodesmium vertical migration and surface bloom maintenance.
Trichodesmium generally undergoes carbohydrate-ballasted diel vertical migration (Growth-Migration
Mode, blue loop). Subsurface photosynthesis accumulates carbohydrates, increasing cell density (sinking),
a process often accelerated by light-induced aggregation®'. In deeper, light-limited waters, respiratory
consumption of carbohydrates restores positive buoyancy (ascent)!'?. Crucially, our data suggest this
light-dependent consumption creates a Ballast Compensation Depth (BCD, < 80 m); below this depth, net
carbon fixation fails to replenish the metabolic ballast pool required for sinking, thereby triggering colony
ascent before they reach the gas vesicle collapse depth (~120 - 200 m), where hydrostatic pressure
destroys gas vesicles. However, particularly dense colonies may sink directly to the deep sea**. Nutrient
depletion overrides this cycle and leads to surface retention (red arrow): Fe/P depletion triggers floating
and enhanced colony formation, facilitating access to nutrients from atmospheric dust deposition®*#!-62,
Furthermore, methylphosphonate (MPn) utilization activates a "Surface-Survival Mode", which positions
gas vesicles to form a light barrier and downregulates photosynthetic activity to mitigate photodamage,

thereby enabling survival under extreme surface light. Created in BioRender. Zou, C. (2026)

https://BioRender.com/mwzoqxe
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