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Dust deposition drives shifts in
community structure and
microbial network complexity of
a planktonic microbiome in the
Northwest Pacific Ocean
Yingxia Wang1, Yunyun Zhuang1,2*, Shanshan Wang1,
Hongju Chen1,2, Weimin Wang1,2, Chao Zhang1,2,
Huiwang Gao1,2 and Guangxing Liu1,2

1Key Laboratory of Marine Environment and Ecology, Ministry of Education of China, Ocean University
of China, Qingdao, China, 2Laboratory for Marine Ecology and Environmental Science, Laoshan
Laboratory, Qingdao, China
Dust deposition can supply nutrients to the upper ocean, and subsequently affect

primary production and biodiversity in planktonic ecosystem, but the differential

response among taxa and their interactions are not fully understood. Here, we

performed 7-day onboard incubation experiment amended with different dust

loadings (0, 0.2 and 2 mg L-1) in the Kuroshio-Oyashio transition region of the

Northwest Pacific Ocean and characterized the community structure and microbial

network of a planktonic microbiome in response to dust addition. Chlorophyll a and

nutrient analysis indicated that dust-derived nitrogen promoted the growth of

phytoplankton (165.8–293.6%) and phytoplankton size structure shifted towards

larger cells (>3 mm).Metabarcoding sequencing, targeting prokaryotic and eukaryotic

microbes, revealed the changes in community structure and co-occurrence

network in response to dust addition. Dust induced a shift from dinoflagellate

dominance toward diatom dominance in phytoplankton, and favored members of

Cercozoa, Labyrinthulomycetes and Saprospirae, which showed positive correlation

with diatom. Temporal response patterns among taxa were categorized into five

clusters, and collectively pointed to a more sensitive microeukaryotic community

than prokaryotic one in response to dust. The community turnover during the

incubation was dominated by moderate taxa with 55.71-62.26% moderate OTUs

transitioning to abundant or rare taxa, and dust addition stimulated the transitions of

rare taxa. Moreover, biotic factors shaped planktonic microbiomemore than abiotic

factors, particularly the cross-domain interaction significantly affected

microeukaryotic community. Notably, dust addition enhanced the co-occurrence

network complexity, with the number of keystone taxa increased, suggesting more

interspecies interactions were induced by dust. With integrated analysis, our findings

highlight the differential sensitivity of planktonic microbiome to dust deposition and

the effects could pass on other organisms through interspecies interaction.
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1 Introduction

Atmospheric dust deposition serves as a unique source of

external nutrients to the upper ocean (Duce et al., 1991; Jickells

et al., 2005; Chien et al., 2016), providing relatively substantial level

of nitrogen (N) and iron (Fe) with lower levels of phosphorus (P;

Moreno and Martiny, 2017; Chu et al., 2018). The external nutrient

input from dust plays a role in modulating nutrient structure,

primary production and the biogeochemical cycles in marine

ecosystems. For example, on a segment of the Kuroshio Current

near the shelf break of the East China Sea, the continuous dust

eruption process caused the increase of surface N in the sea area

(Chung et al., 2011). Similarly, the high N:P ratio (N:P>40) of

nutrient input through African dust also contributed to P limitation

in the western tropical Atlantic Ocean off Barbados (Chien et al.,

2016). A well-recognized response of marine ecosystem to the dust

deposition includes the stimulation of phytoplankton biomass as

demonstrated in observational, modelling and microcosm studies

(Li et al., 2021; Ma et al., 2021). However, due to the difference in

the trophic state of the ambient waters and the nutrient

composition in dust, the fertilizing effects of dust-derived N are

not uniform across marine ecosystems: three main categories, relief,

supplementation and enhancement of the N demand, have been

characterized in low-nutrient low-chlorophyll zone (LNLC), high-

nutrient low-chlorophyll zone (HNLC) and euphotic zone,

respectively (Zhang et al., 2019a).

The differential response of phytoplankton to nutrient

fertilization from the dust deposition is size-dependent (Guo

et al., 2012; Liu et al., 2013). For example, dust enrichment

shifted the dominant phytoplankton from pico-sized to nano- or

micro-sized cells in the Yellow Sea (Liu et al., 2013; Zhang et al.,

2018), while it stimulated pico-sized phytoplankton in the

Mediterranean Sea and the Western Tropical Atlantic Ocean, and

favored all size fractions in some cases (Giovagnetti et al., 2013;

Chien et al., 2016). The relationship between the size-dependent

contribution to total chlorophyll a (Chl a) and the available nutrient

has been quantified based on integrative analysis of multiple regions

(Zhang et al., 2022). The species- or lineage-specific physiology and

behavior also contribute to the succession of dominant

phytoplankton, such as the different nutrient demand and uptake

efficiency between diatom and dinoflagellate (Maranon et al., 2015).

Dust deposition could also directly affect other players in planktonic

ecosystem including heterotrophic bacteria, heterotrophic and

mixotrophic protist, or through trophic interactions (Guo et al.,

2014; Chen et al., 2019). Both abundance and activity of plankton

could be affected, as shown in heterotrophic bacteria (Chen et al.,

2020). The changes in size, community and trophic structure, as

well as biodiversity will further drive ecosystem function

and stability.

Asian dust is the second largest contributor to global dust

aerosols (Tegen and Schepanski, 2009; Chen et al., 2017), with

annual dust emissions ranging from 230 to 540 Tg (Yumimoto and

Takemura, 2015). Driven by strong westerly winds, Asian dust

transports large amounts of nutrients to downwind areas, including

Chinese marginal seas and open oceans in the Northwest Pacific

Ocean (NWPO; Shao et al., 2011). The Kuroshio-Oyashio transition
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region is one of the typical locations in NWPO for exploring the

response of plankton community to Asian dust deposition. It is

located between the Kuroshio extension and the Subarctic front and

is influenced by the southwestern Kuroshio and the northern

Oyashio currents (Long et al., 2019). The surface seawater of this

region shows HNLC characteristics. Dust deposition as well as haze

particles supplements the N demand of phytoplankton and shifts

the phytoplankton community size structure towards larger cells, as

evidenced by size-fractionated Chl a and microscopic analysis in

several independent onboard incubation experiments conducted in

this region (Zhang et al., 2018, 2019a; b; Zhang et al., 2020).

However, how the diversity of non-phytoplankton microbes

changes with dust deposition in this region has received much

less attention.

Metabarcoding methods have been widely used to assess the

composition and diversity of planktonic microbiomes in global

oceans (e.g. de Vargas et al., 2015; Tapolczai et al., 2019), and also

their response to atmospheric deposition (e.g. Meng et al., 2016;

Chen et al., 2020; Li et al., 2021; Maki et al., 2021; Wang et al., 2022).

However, prokaryotes and eukaryotes are examined separately in

the majority of these studies. Despite the technical requirement to

prepare amplicon libraries separately for prokaryotes and

eukaryotes due to their unique nucleotide characters, prokaryotic

and eukaryotic microbes collectively constitute the natural

microbiome and collaboratively contribute to ecological processes.

Recently, there has been a growing focus on the combined

examination of microbial prokaryotic and eukaryotic plankton

(e.g. Santi et al., 2019; Sun et al., 2022). This has unveiled that the

distribution patterns and environmental sensitivity differ

significantly between the two domains, and that interactions

across these domains are crucial in shaping the community,

sometimes even taking precedence over abiotic factors. Also, such

joint analysis allows to better understand the multitrophic

diversity from bacteria to invertebrate in the aquatic ecosystem

under environmental changes (Li et al., 2020). In addition, there

is growing evidence from high-throughput metabarcoding

studies that non-abundant taxa (i.e. rare and moderate) are the

major players in driving ecosystem multifunctionality and

maintaining stability (Sun et al., 2017; Ziegler et al., 2018;

Xiong et al., 2020). Several investigations have revealed that

aquatic protistan assemblage can rapidly and regularly reconstruct

themselves to yield unique combination of dominant taxa. A highly

dynamic and resilient microbial subcommunity, often rare and

moderate taxa respond swiftly to changing environments and

contribute to the community turnover (Vigil et al., 2009; Lynch

and Neufeld, 2015; Newton and Shade, 2016; Sun et al., 2017).

However, to our best knowledge, previous studies using

metabarcoding approach to investigate the effect of atmospheric

deposition only looked at either one domain (prokaryotes/

eukaryotes) or target phytoplankton using lineage-specific

primers. Little is known on the plankton microbiome dynamics

as a whole, how cross-domain interaction and non-abundant

biosphere contribute to the community shift in response to

dust deposition.

Here, we conducted onboard incubation amended with low and

high loadings of Asian dust using seawater sampled from the
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Kuroshio-Oyashio transition region in the NWPO. We profiled

biodiversity from bacterial to microeukaryotic plankton in the

incubated seawater using metabarcoding approach, and

investigated the effects of dust deposition on the community

composition, dynamics and molecular ecological network. As the

first attempt, we jointly analyzed prokaryotic and eukaryotic

microbes, and characterized the subcommunities of different

abundance under the effect of dust. Meanwhile, total and size-

fractioned Chl a, and nutrients of incubated seawater were also

determined. It is hoped that this study will contribute to a deeper

understanding on the response of planktonic microbiome to dust

deposition and its driving factors.
2 Materials and methods

2.1 Preparation of Asian dust

The dust used in this study originated from a source of Asian

dust events crossing over the NWPO (Shao et al., 2011; Tan et al.,

2013), Mu Us Desert (37.92°N, 107.11°E). The soil samples were

collected and artificially modified following Zhang et al. (2018) to

simulate the aging process of dust particles in the atmosphere.

Briefly, soil particles smaller than 20 μm were selected and mixed

with synthetic cloud water. The treated dust was weighted and

stored dry at -20°C.
2.2 Study area and experimental design

The 7-day microcosm experiment was performed from April 26

to May 3, 2015, during the spring cruise in NWPO onboard the R/V

DongFangHong 2. In the Kuroshio-Oyashio transition region,

surface seawater was collected at B1 station (37.93°N, 146.98°E)

from a depth of 5 m, using the water sampler mounted on CTD

(SeaBird SBE 911). For the ambient baseline condition (hereafter

‘day 0’), after prefiltered through 200-mm mesh to remove large

zooplankton, seawater was immediately collected for size-

fractionated Chl a, DNA and ancillary measurements as described

below. For the microcosm experiment, prefiltered seawater was

aliquoted into nine 20-L acid-washed polycarbonate carboys (round

and clear plastic container for large volume culture, Nalgene). Three

groups were prepared in triplicate: i) ‘control’, no dust addition; ii)

‘low’, 0.2 mg L-1 of dust particles in incubated seawater; iii) ‘high’, 2

mg L-1 of dust. We added such amount of dust, aiming to simulate

the deposition flux to the surface of the NWPO in mild (2 g m-2)

and strong (20 g m-2) dust events, respectively (Iwamoto et al., 2011;

Shi et al., 2012). The carboys were placed in an on-deck incubator

with circulating seawater to keep near-ambient surface temperature.

Neutral density filters were used to cover the carboys, reducing light

intensity to ~40% of the incident. Temperature and light intensity

were monitored three times per day. Size-fractionated Chl a and

nutrient concentrations were measured on daily basis, while

seawater samples for morphological and metabarcoding analysis

were collected on day 0, 2, 4 and 7.
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2.3 Chl a

For each carboy, 300 mL incubated seawater was sequentially

filtered through 3 μm (F47 mm, Millipore) and 0.2 μm

polycarbonate filters. Filters were wrapped in aluminum foil and

stored at -20 °C. After 24-h extraction by 90% acetone (v/v) at -20°C

in dark, the pigment content on each filter were quantified by

measuring the absorbance of supernatant using a Trilogy

fluorometer (Turner Designs). The total Chl a concentration was

the sum of the two size fractions.
2.4 Inorganic nutrients

The leachable inorganic nutrients in the artificially modified

dust were determined in the laboratory before the cruise. Briefly, the

dust (10 mg L-1) was added into prefiltered (0.45 mm) oligotrophic

seawater, and placed in ultrasonic bath at 0 °C for 30 min. The

leaching solution was then filtered through acid-washed cellulose

acetate membranes and the filtrate was immediately stored in acid-

washed high-density polyethylene bottles at -20°C for nutrient

analysis. In the field, 200 mL ambient seawater and 200 mL

incubated seawater from each carboy were collected following the

same sampling protocol. NO3
-, NO2

-, PO4
3- and SiO3

2-

concentrations were measured by Auto Analyzer3 continuous-

flow analyser (SEAL Analytical).
2.5 Microscopic analysis of phytoplankton

Subsample (500 mL) from the ambient seawater (day 0) and

incubated seawater (day 2, 4 and 7) were fixed with 1% neutral

Utermöhl’s solutions and stored at 4 °C in dark. Before microscopic

examinations, fixed samples were settled for 48 h in dark and then

concentrated to 10~50 mL. Phytoplankton were identified under

microscope (YS100, Nikon) and cell count was obtained using

Sedgwick-Rafter chamber.
2.6 DNA extraction, PCR amplification and
amplicon sequencing

On day 0, day 2, day 4 and day 7, 1 L sample water were

sequentially filtered through 3 μm and 0.2 μm polycarbonate

membrane (Millipore, F47 mm). The filters were immediately

stored in 1 mL 100 mM EDTA, and then frozen in liquid

nitrogen until DNA extraction.

Membrane filters of 3 mm and 0.2 mm from the same incubated

samples were pooled together for DNA extraction. DNA extraction

followed the method described by Yuan et al. (2015). Briefly,

membrane filters were cut with sterile scissors and homogenized

using microbeads in sample homogenizer (Bioprep-24, Allsheng).

Homogenate in 2 mL DNA extraction buffer (100 mM EDTA, 1%

SDS, and 10 mg mL-1 proteinase K) was incubated at 56°C for 24 h.

DNA was extracted using the CTAB method, purified with the
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DNA Clean & Concentrator kit (Zymo Research), and eluted in 25

mL 10 mM Tris-HCl. DNA concentrations and purities were

examined on a NanoDrop 2000 Spectrophotometer (Thermo

Scientific). DNA integrity was determined using 1% agarose

gel electrophoresis.

The V4 region of the eukaryotic 18S rRNA gene was amplified with

the primer pair 18SNCF3 (5’- CGCGHAAATTRCCCAATCY -3’) and

18SV4R2 (5’- CTWACTTTCGTTCTTGATYAA -3’). Thermal cycling

was as follows: 95°C for 5 min, followed by 5 cycles of 95°C for 10 s, 56°

C for 30 s, and 72°C for 30 s, and then 25 cycles of 95°C for 10 s, 52°C

for 30 s, and 72°C for 30 s with a final extension at 72°C for 10min. The

V4 region of prokaryotic 16S rRNA gene was amplified with primer

pair 515F (5’-GTGYCAGCMGCCGCGGTAA-3’) and 806R (5’-

CAAYAAATCYRAGAATTTCACCTCT-3’) (Caporaso et al., 2011),

following the thermal cycling: 95°C for 5 min, followed by 25 cycles of

95°C for 30 s, 56°C for 30 s, and 72°C for 40 s, with a final extension at

72°C for 10 min. PCR reactions were performed in a total volume of 25

μL using Ex Taq (Takara), with 20~300 ng template gDNA. All

amplicons were purified and paired-end sequenced using Illumina

MiSeq PE300 platform (GENEWIZ).
2.7 Sequence analysis

Raw reads were subjected to quality filtration by removing reads

of low quality, adaptor contamination, high N content and low

complexity to obtain clean reads with Cutadapt (v1.9.1; Martin,

2011), Vsearch (v1.9.6; Rognes et al., 2016) and Qiime (v1.9.1;

Bolyen et al., 2019). The remaining high-quality paired-end reads

were assembled into metabarcodes, and non-singleton ones

subsequently clustered into OTUs (Operational Taxonomy Units)

with 97% similarity using USEARCH (v7.0.1090; Edgar, 2013). For

taxonomic assignment, the representative OTU sequences of 18S

rDNA were classified using sintax algorithm (Edgar, 2016) based on

PR2 database (Guillou et al., 2012), with a confidence threshold set

at 0.8. The representative OTU sequences of 16S rDNA were

classified using the RDP classifier (Ribosomal Database Program,

v2.2; Wang et al., 2007) based on the Greengene database (DeSantis

et al., 2006). The ecological functions of bacterial communities were

further annotated using FAPROTAX (Louca et al., 2016).

In addition to the total community, abundant, moderate and

rare subcommunities were analyzed separately. OTUs with a

relative abundance greater than 0.1% of the overall sequences in a

single library (i.e. sample) were considered as ‘abundant’ OTUs,

those with a relative abundance less than 0.01% were considered as

‘rare’ OTUs, and the rest were considered as ‘moderate’ OTUs

(Campbell et al., 2011). Moreover, we further classified all OTUs

into six categories (Xue et al., 2018): Define OTUs that were

abundant OTU in all samples as ‘always abundant’ OTUs; OTUs

that were rare OTU in all samples as ‘always rare’OTUs; OTUs that

were always moderate OTU in all samples as ‘always moderate’

OTUs; OTUs that were abundant or moderate OTU in all samples

as ‘conditional abundant’ OTUs; OTUs that were rare or moderate

OTU in all samples as ‘conditional rare’ OTUs; and the rest were

considered as ‘conditional abundant and rare’ OTUs.
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2.8 Net nitrogen conversion index

Net nitrogen conversion index (NCEI, mg mmol-1) was

calculated using the equation below (Zhang et al., 2018):

NCEI = o
t
i=0(Chl   ai − Chl   a0)

DN

where t represented the incubation duration (7 days), Chl ai
represented the concentration of Chl a at the ith day (mg L-1), Chl a0
represented the initial concentration of Chl a on the 0th day in the

control (mg L-1), DN represented consumption value of dissolved

inorganic nitrogen (DIN) during incubation (mmol L-1).
2.9 Diversity and statistical analyses

For alpha-diversity, the ‘vegan’ package in R (v4.2.2) was used to

calculate diversity indices including Chao 1, Pielou’ evenness and

Shannon-Wiener index (Oksanen et al., 2013). Beta-diversity was

visualized in Non-Metric Multidimensional Scaling (NMDS) with

Bray-Curtis dissimilarity distance calculated in PRIMER 6 (Clarke

and Gorley, 2009), and the significance of differences among groups

was tested using ANOSIM. Beta diversity was partitioned into

turnover and nestedness components by applying the function

beta.pair within the R package (‘betapart’) following Jiao et al. (2017).

To characterize the differential response of different taxa, the

fold change of relative abundance between treatment and control

were calculated. Heatmap with hierarchical clustering was

generated by ‘heatmap’ and ‘ggplot’ package in R. Complete

linkage and Euclidean distance were used in hierarchical

clustering. To further grouping the time series pattern, soft

clustering was performed in Mfuzz.
2.10 Molecular ecological
network construction

To ensure that the network analysis was supported by sufficient

data, control and low dust treatment were merged into ‘Con-Low’

group to characterize planktonic microbiome that were not or weakly

affected by dust additions. Low and high dust treatments were merged

into the ‘Low-High’ group to characterize the community affected or

strongly affected by dust additions. Spearman’s correlations between

the relative abundance of OTUs were calculated using the ‘rcorr’

function in the ‘Hmisc’ package, and co-occurrence networks were

constructed based on these correlations. OTUs detected in over 30% of

all samples with robust correlation (|spearman rho| > 0.8 and p < 0.01)

were selected for network analysis. Networks were visualized in Gephi

(v0.9.4; Bastian et al., 2009) and topological parameters of networks

were calculated in the ‘igraph’ R package (Csardi and Nepusz, 2006).

Spearman’s correlation between topological parameters and

environmental factors were calculated and visualized in circus plot

using the ‘circlize’ package in R. Nodes featured with high degree

(>120) and low betweenness centrality (<2000) were considered to be

keystone species in the co-occurrence network.
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3 Results

3.1 Variation in nutrients and Chl a

The baseline conditions at B1 were featured as HNLC, with a N:

P ratio (14:1) close to the Redfield ratio but low Chl a concentration

0.78 g L-1 (Supplementary Table 1). The >3 mm size fraction only

accounted for 26.1% of the total Chl a.

Prior to the field experiments, we determined the leachable

nutrient contents in the dust. The NO3
-+NO2 content reached

989.23 mmol g-1, while the PO4
3- (4.53 mmol g-1) and SiO3

2-

(6.60 mmol g-1) contents were relatively low (Figure 1A). By

summing the baseline values and dust-derived ones, we calculated

the amended nutrient concentrations in the dust treatments,

yielding 3.9% and 39.0% increase of NO3
-+NO2 in the low and

high dust treatments, respectively (Figure 1B). But the increases of

PO4
3- and SiO3

2- concentrations were negligible, even in the high

dust treatments, which were only 2.5% and 0.2%, respectively.

During the on-board incubation, nutrients and size-

fractionated Chl a were monitored on a daily basis. Overall,

nutrients showed a decline trend over the time in all groups

(Figures 2A–C), with the greatest decrease found in the high dust

treatment (13.6~43.0%). In spite of the decrease, the NO3
-+NO2

concentrations in the high dust treatment remained higher than

those in control and low treatment, reaching a comparable

concentration on day 7. The PO4
3- and SiO3

2- concentrations

were roughly similar among groups in the first 4 days, but the

differences were more pronounced towards the end of the

incubation. N:P ratios in the control and low dust treatment
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varied in the range of 11-17, while those in the high treatment

(16-18) maintained above Redfield ratio with a slight decrease

detected on day 6 and 7. Although the N:Si ratios were elevated

by dust-derived N, ratios remained below one regardless of

treatments (Figure 2E).

The consumption of nutrients came with the increase of Chl a

concentration and phytoplankton abundance (Figures 2G–I). The

high dust addition promoted the total Chl a concentration

throughout the incubation with the significant increase detected

after day 4 (p<0.05), and the value peaked on day 7 being 293.6% of

the control. But the enhancing effect of low dust addition on total

Chl a was not significant until day 7 (p>0.05). The Chl a increase

was mainly contributed by >3 μm size fraction, taking up 69.7% and

84.0% of the total Chl a in low and high dust treatment on day 7,

respectively. The specific growth rate of larger phytoplankton (using

either >3 μm size fraction Chl a or phytoplankton abundance) was

positively correlated with available N in the incubation (R2 = 0.2134,

p<0.05, Supplementary Figure 3). However, such correlation was

not observed in 0.2~3 μm size fraction. NCEI value further

indicated the positive effect of the added N on phytoplankton

growth, which was more pronounced in high dust treatment and

>3 μm size fraction (Supplementary Figure 4).
3.2 Taxonomic composition

Microeukaryotic and prokaryotic plankton communities were

examined parallelly, yielding 903,119 high-quality 18S rDNA

metabarcodes and 2,510 OTUs, 464,927 high-quality 16S rDNA
FIGURE 1

(A) Nutrient content in dust and (B) changes in incubated seawater after the addition of dust.
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metabarcodes and 838 OTUs, respectively. The taxonomic

composition was uneven across samples showing both temporal

and intergroup variation (Figure 3). The microeukaryotic

communities were further analyzed in three categories,

phytoplankton, heterotrophic protist and metazoan. the relative

abundance of phytoplankton reads in dust treatments peaked on

day 7, which was 2.05-2.16 folds of the control (Supplementary

Figure 5A), in concert with the trend of Chl a concentration and cell

density (Supplementary Figure 7). Compared to the baseline

condition, a shift from dinoflagellate dominance toward diatom

dominance was observed in all groups, but dust addition

particularly enhanced the relative abundance of diatom, which

was increased by 120.5~137.7% relative to the control on day 7.

Such increase was mainly contributed by genera Thalassiosira,

Chaetoceros, Pseudo-nitzschia, and Navicula (Supplementary

Figure 8), accounting for 80.28~87.88% of the total diatom reads

in dust treatments. The relative abundance of reads and cell density
Frontiers in Marine Science 06
were positively correlated in diatom (R2 = 0.6348, p<0.01) but not

observed in dinoflagellate (Supplementary Figure 7).

The relative abundance of heterotrophic protist in the dust

treatments generally showed an increasing trend over time, while

that in the control peaked on day 4 and fell back to a comparable level

to the baseline (Figure 3B; Supplementary Figure 5B). The relative

abundance of Cercozoa in the low and high dust treatments was 2.34

and 1.71 folds of that in the control, respectively. This was mainly due

to the increase of Cercozoa, in which filose taxa (subphylum Filosa)

were predominant, taking up 29.2~39.7% of the total Cercozoa

reads in dust treatments. The relative abundance of Cercozoa was

positively correlated with diatom (R2 = 0.7366, p<0.01, Supplementary

Figure 9A). Moreover, despite lower abundance, Labyrinthulomycetes

was also stimulated by dust addition, being 148.14~277.78% of the

control on day 7. Majority (>93.1%) of the metazoan reads were

affiliated with copepod, followed by Urochodata (tunicate) and

Hydrozoa. Slight increases were observed in all groups on day 2 and
FIGURE 2

Variation in macronutrient concentrations, stoichiometric ratios and Chl a concentrations during the incubation experiment. (A) NO3
-+NO2

-.
(B) PO4

3-. (C) SiO3
2-. (D) N:P. (E) N:Si. (F) Cell density of phytoplankton. (G) Total Chl a. (H) 0.2~3 mm fraction Chl a. (I) 3~200 mm fraction Chl a.
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4, but pronounced decrease occurred in dust treatments on day

7 with the relative abundance falling to 62.5~71.5% of that in the

control. The variation in taxonomic composition of bacterioplankton

was not as strong as that of microeukaryotes (Figure 3D).

Gammaproteobacteria, Alphaproteobacteria and Flavobacteriia

dominated across all samples (60.09~80.25%). The most remarkable

change was observed in Saprospirae, of which the relative abundance
Frontiers in Marine Science 07
on day 7 increased 5.2-8.3 folds relative to the baseline condition, and

that in the low and high dust treatments was 156.74% and 144.01% of

that in the control. The relative abundance of Saprospirae was

positively correlated with that of diatoms (R2 = 0.9066, p<0.001,

Supplementary Figure 9B). The ecological function cellulolysis

detected in bacterioplankton was exclusively affiliated with

Saprospirae (Supplementary Figure 10).
FIGURE 3

Community composition and variation pattern of plankton microbiome during the incubation experiment. (A) Phytoplankton, (B) Heterotrophic
protist, (C) Metazoan, (D) Prokaryote, (E) Heatmap showing the ratio of relative abundance between the control and dust treatments. The clustering
used Euclidean distances to calculate distances between data, a complete method to determine similarity, and the relative abundance ratios were
scaled by row (z-core). (F) Mfuzz analysis showing temporal dynamics in the ratio of relative abundance between dust treatments and Control.
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To better characterize the differential response among taxa to

dust addition and describe the temporal dynamics, we performed

cluster analyses based on the fold change between the relative

abundance of certain taxa in the dust treatments and that in the

control. With the effect of dust, the variability of taxonomic profile

in eukaryotes was significantly greater than that in prokaryotes, but

functional profile was relatively stable in terms of prokaryotes,

except for the function cellulolysis (Figure 3E; Supplementary

Figure 11). Both lineage- and OTU-level clustering yielded 5

clusters (Figures 3E, F). Generally, cluster 1-3 pointed to the

promotional effects of dust which was characterized by the higher

relative abundance in the dust treatments on day 7, while cluster 4-5

showed the opposite trend. When considering temporal variations,

more complex response was observed among lineages. Except for

the metazoan, the majority of eukaryotic taxa fell into cluster 1-3.

The dominant prokaryotic taxa, Gammaproteobacteria,

Flavobacteriia and Saprospirae, were also found in cluster 1-3,

while the rest of prokaryotes in cluster 4-5.
3.3 Dynamics of abundant, moderate and
rare subcommunities

To investigate the dynamics of different subcommunities

throughout the incubation, we categorized OTUs by their relative

abundance in each sample. Both microeukaryotic and prokaryotic

plankton communities were dominated by few abundant taxa, as

8.0~24.7% of OTUs per sample were classified as abundant taxa and

accounted for 49.3~87.8% of reads (Figure 4A). Non-abundant taxa

(i.e. moderate and rare taxa) contributed to the majority of

community richness, representing 75.3~92.0% of OTUs per

sample. Remarkably, the contribution of moderate taxa was

significantly higher in prokaryotic community relative to that in

eukaryotic one, taking up averagely 35.67% of the richness and

41.32% of the reads (Supplementary Figure 12). Moreover, most of

the control- or dust treatment-specific OTUs belonged to rare taxa

(Supplementary Figure 13).

To address the possible transitions among abundant, moderate

and rare taxa, we further categorized OTUs by their relative

abundance across all samples (see methods). A total of 617 18S

rDNA OTUs (59.91%) representing 62.52% of reads, and 596 16S

rDNA OTUs (70.87%) representing 70.85% of reads, were stable in

terms of their relative abundance level throughout the incubation

(Supplementary Table 2). The rest OTUs were assigned as

oscillating taxa (conditionally to be rare and/or abundant taxa)

indicating 29.13~37.48% of the community had been undergone

transition. Further quantification revealed that all three

subcommunities were dynamic with the moderate taxa having the

highest proportion of OTUs (55.71-62.26%) that transitioned to

abundant or rare taxa (Figure 4B). Moreover, dust addition

stimulated the transitions of rare taxa. Particularly, the proportion

of eukaryotic rare taxa that transitioned to abundant taxa increased

with dust addition. Similar trend was also observed in prokaryotic

rare taxa that transitioned to moderate taxa.
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3.4 Patterns and drivers of diversity

Temporal and intergroup variation were also observed in alpha

diversity but eukaryotic and prokaryotic communities showed

different patterns. For eukaryotic communities, dust addition

decreased alpha diversity from day 0 to day 4, followed by a

pronounced increase of Pielou’s evenness and Shannon diversity

towards day 7 (Figures 5C–E). For prokaryotic communities, dust

addition promoted the alpha diversity (Chao 1, Pielou’s evenness

and Shannon diversity) and functional richness from day 0 to day 4,

followed by a decrease towards day 7 (Figures 5F–H). Although

relative to the control, higher functional evenness and diversity with

lower functional redundancy was observed in high dust treatment

on day 4, the general trend over time was similar among control and

dust treatments (Supplementary Figure 12).

NMDS ordinations and ANOSIM analysis revealed the distinct

separation of plankton communities by time (Figures 5A, B). On

the same sampling day, the community similarity between dust

treatments and control decreased (Figures 5A, B), indicating that

dust also played a role in community divergence, which was greater

in microeukaryotic plankton relative to that in the prokaryotes. This

is also the case when analyzing the functional structure of

prokaryotic community with much weaker community

divergence (similarity >80%, Supplementary Figure 4A). We

further partitioned total beta diversity into turnover and

nestedness, revealing that species replacement (turnover) played a

major role in driving the community succession, and the percentage

of turnover in eukaryotic communities was significantly higher than

that in prokaryotic ones (Supplementary Figure 15). All these

results indicated that the sensitivity of microeukaryotic and

prokaryotic plankton to dust addition was different.

Correlation analysis suggested that the relative abundance of

some lineages was significantly correlated with inorganic nutrient

conditions (Supplementary Figure 16). Remarkably, the relative

abundance of most eukaryotic lineages (18 out of 20) was

significantly correlated with prokaryotic community, while 7 out of

20 prokaryotic lineages showed significantly correlation with

eukaryotes. This pointed to that microeukaryotic plankton was

more sensitive to cross-domain biotic factors, which was also

revealed by Mantel test at community level (Supplementary Table 3).
3.5 Co-occurrence network of
planktonic microbiome

To further explore the potential biotic interaction in the

planktonic microbiome affected by dust addition, we conducted a

co-occurrence network analysis (Figure 6). Compared to the Con-

Low network, the Low-High network was more complex with 4%

more nodes, 13% more positive edges and 30% more negative edges

(Supplementary Table 5). Although positive edges dominated both

networks (>60%), the proportions of negative edges slightly

increased (30%) due to dust addition. Among the increased edges,

8.4%, 75.2% and 16.4% were contributed by the increased
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eukaryote-prokaryote, eukaryote-eukaryote and prokaryote-

prokaryote connections, respectively. Phytoplankton-bacteria

edges dominated the eukaryote-prokaryote connections

(>45.06%), and the number of connections between diatoms and

their correlated taxa including Cercozoa, Labyrinthulomycetes,

Copepoda and Saprospirae were higher in Low-High network

(Supplementary Table 6). We compared the unique node-level

topological characteristics of the two networks and found that the

degree and closeness centrality of the Low-High network were
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significantly higher than that of the Con-Low network (p<0.05),

while betweenness centrality did not show significant difference

(Figures 6C–E). Our results implied that microbial communities

display more complex networks when exposed to increased dust

addition treatments. A total of 44 OTUs belonging to 14 taxa in the

Con-Low network and 87 OTUs belonging to 22 taxa in the Low-

High network were identified as keystone taxa (Figure 6F). Only 5

keystone taxa were shared between two networks, belonging to

Alphaproteobacteria (2 OTUs), Gammaproteobacteria (2 OTUs)
FIGURE 4

Dynamics of abundant, moderate and rare subcommunities. (A) Relative abundance and richness of abundant, moderate and rare subcommunities;
(B) The proportion of each subcommunity transit to other subcommunities during the incubation (from day 0 to day 7).
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and Syndiniales (1 OTU). Five OTUs belonging to diatoms were

identified as keystone taxa.
4 Discussion

4.1 Fertilization by dust-derived nitrogen

The N:P ratio at B1 station was close to Redfield ratio,

indicating that N was not the primary limiting factor (Figure 2D).

Despite this, dust addition still stimulated the growth of

phytoplankton by supplying a considerable amount of N and the

promotion effect showed a dust loading-dependent pattern as

evidenced by both microscopic analysis and Chl a concentration

(Figures 2F–I). Our results are in concert with previous studies in

Kuroshio-Oyashio transition region (Zhang et al., 2018, 2019a; b;
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Zhang et al., 2020). Dust-derived N has been recognized as a

supplementation of the N demand for phytoplankton in this

HNLC zone, when compared with the response of phytoplankton

in LNLC and eutrophic zones (Zhang et al., 2019). We further used

NCEI to quantify the N-utilization efficiency among groups

(Supplementary Figure 4). A higher NCEI value indicates that the

positive effect of added N on phytoplankton growth is stronger.

Although Chl a increased with dust loading, the NCEI value is

supposed to be independent of N loading. However, we found that

the NCEI value in high dust treatment was higher than that in low

dust treatment, implying that other substances leached from dust

may influence the N-utilization efficiency in phytoplankton.

Phytoplankton at B1 is possibly limited by Fe and other trace

metals, such as Cu and Zn (Yang et al., 2019), which could be

alleviated by dust deposition and in turn facilitates the N uptake as

shown in high dust treatment. Moreover, the Asian dust provides
FIGURE 5

Community structuring of eukaryotic and prokaryotic plankton during the incubation experiment. (A, B) Non-metric multidimensional scaling
(NMDS) ordination of plankton communities based on Bray–Curtis distances. Con, control group with no addition; Low, low group with 0.2 mg L-1

dust addition; High, high group with 2 mg L-1 dust addition; S, similarity. Variation in the a diversity (Chao 1, Pielou’ evenness and Shannon-Wiener
index) of (C-E) eukaryotic and (F-H) prokaryotic microplankton communities.
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considerable amount of N but negligible P, making the N:P ratios in

high dust treatment (16-18) maintained above Redfield ratio, which

potentially caused depletion of dissolved inorganic phosphorus

(DIP). In our results, the enhanced DIN uptake by phytoplankton

suggested the utilization of a supplementary P source, such as

dissolved organic phosphorus (DOP), which is more abundant

relative to DIP in the oceans. A recent study by Jin et al. (2024)

provides a possible explanation: atmospheric deposition can

stimulate the biological utilization of DOP by depleting DIP due

to increasing N. Under DIP deficiency, phytoplankton most

commonly use alkaline phosphatase but also other hydrolases to

convert DOP to DIP for cellular uptake (Lin et al., 2016) and the

activity of alkaline phosphatase is induced by low DIP
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concentrations. Based on microcosm experiments and global

ocean analysis, Jin et al. (2024) proposed a threshold ratio of Chl

a to DIP [Log10 (Chl a/DIP) > 1.20] to determine whether DOP is

an important P source. The value of [Log10 (Chl a/DIP)] at B1 is

2.31, pointing to that DOP utilization might play a role in

enhancing DIN uptake by phytoplankton.

Although dust input induced significant phytoplankton

biomass accumulation, the degree of impact was varied between

size fractions. Size as one of the most important fitness-related

traits, its distribution can be used as indicator of biological

transitions, and even regime shift in ecosystem (Spanbauer et al.,

2016). In response to dust input, phytoplankton size structure

shifted towards larger cells over incubation time (Figures 2G–I).
FIGURE 6

Co-occurrence networks of planktonic microbiome affected by dust addition. To ensure that the network analysis was supported by sufficient data, the
Control and Low groups were merged into ‘Con-Low’ group to characterize planktonic microbial communities that were not affected or weakly affected
by dust additions (A), and the Low and High groups were merged into the ‘Low-High’ group to characterize planktonic microbial communities that were
affected or strongly affected by dust additions (B). The nodes of the network are colored according to taxa. The red and blue lines represent positive and
negative association (edge), respectively. The sizes of the nodes are scaled to the degree of connection. (C-E) Comparison of node-level topological
features (degree, closeness centrality and betweenness centrality) between two co-occurrence networks. Asterisk indicates the significant level at P <
0.05 level determined by nonparametric Mann–Whitney U test. (F) Comparison of the keystone taxa frequency between two co-occurrence networks.
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Correlation between size-fractioned Chl a and N supply indicates

that dust addition favored the growth of >3 mm-sized

phytoplankton, which can be partially explained by the higher

nutrient uptake rate of larger phytoplankton under nutrient-

replete conditions (Maranon, 2015). Although dust addition

slightly promoted the growth of picoplankton, no time-dependent

increase was observed (Figure 2H). Trophic interaction may

provide a possible explanation: increased abundance of protist

grazers and their efficient grazing on picophytoplankton under

atmospheric deposition keep the picophytoplankton biomass under

control, as found in the microcosm experiments carried out in

South China Sea (Guo et al., 2012; 2014). Contrastingly, a previous

study in the Southern Yellow Sea showed that the abundance of

heterotrophic and mixotrophic protists were inhibited by Asian

dust deposition (Chen et al., 2019). Thus, trophic structure should

be considered when evaluating the effects of atmospheric deposition

on marine planktonic ecosystems. In addition, usually

mesozooplankton (>200 mm) is excluded in microcosm

experiments, which may technically lower the grazing pressure

for micro- and nanophytoplankton.
4.2 Community dynamics and differential
response of planktonic taxa to
dust deposition

Besides size-dependent response of phytoplankton to dust

deposition, we further profiled the differential response at a fine

taxonomic resolution covering both microeukaryotic and

prokaryotic plankton. Communities were distinctly separated by

time, and dust exerted stronger effect on community divergence

towards the end of incubation (Figures 5A, B), indicating that both

magnitude and duration of the deposition event played a role in

modulating planktonic microbiome. Numerous incubation

experiments in the NWPO find that the Chl a generally started to

increase with 0-5 days after dust deposition (e.g. Zhang et al., 2019a,

2020), and subarctic NWPO showed the longest response time (up

to 40 days) to high dust deposition events, compared to other

regions (Meng et al., 2022). We have detected the change of

community composition and structure since day 2 and

characterized the temporal dynamics by clustering analysis

(Figures 3E, F). Time- and lineage-dependent responses were

complex within 7-day incubation.

4.2.1 Positive response of diatom and its
associated effects

When taking a closer look at the taxonomic profile, we found

that the majority of eukaryotic taxa including phytoplankton and

heterotrophic protist, positively responded to dust addition based

relative to control (cluster 1-3 in Figures 3E, F). But fluctuations

were also observed on day 4 (cluster 2&3). Among phytoplankton,

dust addition particularly enhanced the relative abundance of

diatom by over 120% relative to the control, shifting the

dominance from dinoflagellate to diatom (Figure 3A). As

evidenced by observational study, incubation experiments and

modelling, the changes in nutrient regime significantly affected
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diatom-dinoflagellate competition (Xiao et al., 2018; Bi et al.,

2021; Cheung et al., 2021), which is also the case for nutrient

supplied by dust (Zhang et al., 2019a). At high nutrient

concentrations, particularly with external N-supply, diatoms show

a competitive superiority over dinoflagellate with higher nitrate

reductase activity, more NO3
- transporters and a higher NO3

- use

efficiency in diatoms relative to dinoflagellates (Glibert et al., 2016).

While the versatile nutrient utilization and mixotrophy make

dinoflagellates less sensitive to nutrient input (Dagenais-

Bellefeuille and Morse, 2013; Edwards, 2019). However, with the

combined effect of temperature and N-P imbalance, dinoflagellates

tend to prevail in the warming and eutrophic ocean (Wu et al., 2018;

Wei et al., 2024). Studies in coastal regions also found that

dinoflagellates benefit from increased N:P ratios and phosphorus

limitation (Zhang et al., 2024). However, for the dinoflagellates at

B1 station, such benefit derived from dust addition seems very

limited. The discrepancy can be attributed to that the physiological

difference between coastal and oceanic algal species (strain), or the

effects of nutrients other than DIN and DIP leached from dust.

Among heterotrophic protists, Cercozoa dominated by filose

taxa were particularly stimulated by dust addition, and their relative

abundance was positively correlated with diatoms (Supplementary

Figure 9A). The Cercozoa-diatom association evidenced by

metabarcodes was also found in previous studies: Cercozoa were

present when diatoms developed in an oligomesotrophic lake in

France where (Lepère et al., 2006), and high abundance of parasitic

Cercozoa coincided with a decline of diatom bloom in the surface

water of easter North Pacific, where (Berdjeb et al., 2018). These

parasitic cercozoan were hardly detectable when the abundance of

diatoms was low (Berdjeb et al., 2018), as we saw in the ambient

water at B1, Cercozoa only took up 0.47% of the total reads, but

proliferated with diatom after dust addition. Cercozoa is known to

feed on bacteria, fungi and even some eukaryotes, and parasitic

cercozoan were only described from diatoms (Scholz et al., 2016).

The correlation between Cercozoa and diatoms in our study

suggests the potential diatom infection by parasitic cercozoan.

Increased predation on bacteria may also contribute to the

cercozoan proliferation, as dust addition can improve bacteria

abundance in oligotrophic NWPO (Chen et al., 2020). Moreover,

Labyrinthulomycets were also induced by dust addition, which are

prevalent and associated with living marine algae, sea grasses and

animals as parasites, commensals or mutualists (Raghukumar,

2002). Remarkably, the parasitic Labyrinthulomycets were also

mainly described from diatom hosts (Scholz et al., 2016; Pereboev

and Bubnova, 2023).

In terms of metazoan, although seawater was prefiltered through

200-mm mesh to remove large zooplankton before incubation

experiment, small-sized zooplankton and their young life stages

could still remain. Pronounced decrease of relative abundance in

copepod was induced by dust addition on day 7, when the relative

abundance of diatom peaked. As a means of defense against

predators, some diatoms generate compounds like aldehydes,

oxylipins and domoic acid, which could cause detrimental impacts

on copepod reproduction and development (Ban et al., 1997).

Evidence from the field showed that after feeding on a diatom-

dominated bloom, the hatching success of wild copepods decreased,
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and embryonic development was hindered (Miralto et al., 1999).

Laboratory study showed the negative effects of these chemicals on

nauplii development (Brugnano et al., 2016). These findings provide a

possible explanation to the opposite pattern of copepod and diatom

observed in the incubation experiment.

4.2.2 Differential sensitivity of microeukaryotes
and prokaryotes to dust

Despite the variation in microeukaryotes composition, the

bacterial communities over the time of incubation were consistently

dominated by three classes, including Gammaproteobacteria,

Alphaproteobacteria and Flavobacteriia (Figure 3D). The members

of these classes are typically the most dominant bacteria in

phytoplankton bloom, as identified by 16S rDNA surveys (reviewed

in Buchan et al., 2014). The dust-induced phytoplankton growth in

our study can be regarded as an experimental phytoplankton bloom.

Organic matter produced by phytoplankton offers a broad spectrum of

nutritional resources that can be utilized by associated heterotrophic

bacterial community. Thus, the abundance of three dominant bacteria

classes often correlates with the succession patterns of phytoplankton

populations in the field (Riemann et al., 2000). However, in our study,

the variation of bacterial taxonomic profile was weaker than that of

phytoplankton (Supplementary Figure 15), which might attribute to

the magnitude of phytoplankton bloom, or relatively small temporal

scale. The most noticeable change was found in the family

Saprospiraceae (class Saprospirae), of which the relative abundance

was promoted by dust (44.01~56.74% increase relative to control), and

positively correlated with that of diatoms (Supplementary Figure 9B).

Many members of the family Saprospiraceae have algicidal or

predatory properties, capable of utilizing complex carbon sources

(McIlroy and Nielsen, 2014). Saprospiraceae can actively prey on

diatom by capturing and lysing diatom through cell-to-cell contact

(Furusawa et al., 2003). Several field studies evidenced the

Saprospiraceae-phytoplankton association: it was the dominant

bacterial family during a dinoflagellate-diatom in coastal waters of

China (Shao et al., 2020), and was found to be enriched in particle-

attached bacteria community during a spring phytoplankton bloom in

southern North Sea (Wang et al., 2024). As algicidal bacteria can play

an active role in controlling phytoplankton bloom (Mayali and Azam,

2004), we speculate that the increase of Saprospiraceae may also

control the diatom proliferation induced by dust addition. But 7-day

incubation is not long enough to observe a collapse of diatoms

population caused by protist and bacterial predation.

As discussed above, our results found that Asian dust deposition

likely impacts every link of the marine planktonic food chain in

NWPO, which is also suggested by a study on microbial food web

dynamics in response to a Saharan dust event (Pulido-Villena et al.,

2014). Differential response to dust addition existed among taxa, and

collectively led to the difference between eukaryotic and prokaryotic

communities. There is increasing recognition that the sensitivity of

eukaryotic and prokaryotic microbes to environmental filtering is

different, as shown in soil and aquatic ecosystems facing different

stressors such as glacial retreat, physical mixing and damming (Jiang

et al., 2018; Lu et al., 2022; Sun et al., 2022). In our study, multiple

lines of evidence support that microeukaryotic plankton is more
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sensitive to dust addition than prokaryotic counterpart: i) the

community divergence between control and dust treatments over

time was greater in microeukaryotic plankton (Figures 5A, B); ii) the

percentage of species replacement (turnover) in driving the

succession of microeukaryotic community was higher

(Supplementary Figure 15); iii) the variability of taxonomic profile

in eukaryotes was greater (Figure 3E; Supplementary Figure 11). This

is consistent with previous researches on protist and bacteria in East

China Sea’s euphotic zone (Wu et al., 2018) and in damming river

(Lu et al., 2022), but contradict with that in global surface waters

(Logares et al., 2020), upwelling system (Sun et al., 2022) and blue

hole (Chen et al., 2022). Such inconsistency may be explained by the

combined effect of habitat type, community composition and

stressor gradient.

4.2.3 Non-abundant taxa dominate the
community turnover

Besides the taxonomic variability, we also characterize the

dynamics of abundant, moderate and rare subcommunities

(Figure 4). A skewed abundance and richness distribution was

also detected in the studied plankton microbiome, as normally

found across habitats (reviewed in Xue et al., 2018): a few abundant

taxa dominated the community, and non-abundant taxa

contributed to the majority of community richness. But it is

surprising that the contribution of moderate taxa was significantly

higher in prokaryotic community (averagely 41.32% abundance)

relative to that in eukaryotic one (15.81%). This is also higher than

the contribution of moderate taxa observed in previous studies,

including microeukaryotes in surface coastal waters of Europe (up

to 30%, Logares et al., 2014), microeukaryotes (13%) and

prokaryotes (17%) in blue hole (Chen et al., 2022), and estuarine

ciliates (up to 20%; Sun et al., 2017). We speculated that high

abundance and richness of moderate taxa in prokaryotes increased

the evenness among three subcommunities, leading to a lower

environmental sensitivity to dust addition. Moreover, moderate

taxa had the highest proportion in transition irrespective to

treatments, i.e. moderate taxa were most dynamic or responsive

during incubation (Figure 4B). A highly dynamic turnover of

moderate taxa was also found in estuarine ciliate communities,

suggesting their roles in maintaining community stability and

function under changing environments (Sun et al., 2017).

Remarkably, dust addition stimulated the transitions of rare taxa.

Rare taxa are recognized as a microbial seed bank with a pool of

ecological potential (reviewed in Lynch and Neufeld, 2015). They

can become dominant under favorable conditions. The recruitment

of rare taxa is important in maintaining ecosystem processes after

environmental disturbance (Sjöstedt et al., 2012).
4.3 Dust addition enhanced microbial
network complexity

Mantel test revealed that biotic factor shaped both bacterial and

microeukaryotic community more than abiotic factors, particularly

the cross-domain interaction significantly affected microeukaryotic
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community (Supplementary Table 3). Dust deposition, as a

disturbance to the surface ocean, may first affect the most

sensitive lineages and its effects could pass on other organisms

through interspecies interaction, and other components of the

ecosystems (Battisti et al., 2016). Here, as the first attempt, we

used co-occurrence network to portrait the biotic interactions

responding to dust deposition. Ecological complexities can be

depicted through networks, where species are represented as

nodes and their interactions as connecting edges. This

representation is essential for understanding the dynamics of

species interactions within an ecosystem (Berry and Widder,

2014). Dust addition altered the network topology by increasing

the number of edges, closeness centrality and the number of

keystone taxa, resulting in a more densely linked network

(Figure 6). Network complexity and connectivity are considered

to be associated with the sensitivity of microbes to environmental

disturbances, and strongly correlated with stability (Zhou et al.,

2010). Some insights have been revealed into the impact of

environmental stressors, such as climate warming and salinity

stress, on the microbial ecological network (Yuan et al., 2021; Li

et al., 2023). But the induced changes in complexity and

stability of network are different, depending on the type of

stressor and temporal scale. Remarkably, our co-occurrence

network analysis revealed that the number of diatom-related

edges were increased by dust addition, suggesting that diatoms

were actively interconnected with their symbionts, competitors,

predators and other associated microbes. This confirms that dust

deposition does not only induce a succession of phytoplankton in

NWPO, which has drawn most of the attention, but also a

progression of heterotrophic protists, metazoan, bacteria and

other players in the planktonic ecosystem.

Although positive association dominated both networks, more

negative associations were induced by dust addition (Figure 6;

Supplementary Table 4). Positive and negative associations

primarily represent cooperation and competition, respectively

(Yuan et al., 2021). Dai et al. (2022) studied the effects of nutrient

supply on network association in marine bacterial communities and

found that positive associations are more dominant in nutrient-

scarce pelagic regions, while the proportion of negative associations

are higher in nutrient-rich coastal sediment. High nutrient

concentrations favor the actively growing bacteria which may

inhibit the growth of competitors by producing metabolites

(Ratzke et al., 2020), or cause competition for other essential

nutrients. Based on this, we speculate that the slight increase of

negative associations in dust-affected network could be partly

explained by the nutrient supply from dust, and diatom is one of

the strong competitors. Previous findings on negative association

induced by nutrient supply are solely based on soil and marine

bacterial studies (Ratzke et al., 2020; Dai et al., 2022), but whether

this can be applied to interactions among microeukaryotes and

cross-domain interactions remain elusive.

Dust-affected network also had greater number and more

diverse keystone taxa. Keystone taxa regulate the network

stability, which could be significantly reduced when keystone taxa

were removed (Liu et al., 2022). Additionally, only 5 keystone taxa
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were shared between two networks, and several OTUs belonging to

diatoms and their associated microbes became keystone taxa in the

dust-affected network. This implies that dust addition may alter the

microbial network by displacing keystone nodes, as they are

associated with topological feature in co-occurrence network

(Berry and Widder, 2014).
5 Limitation and perspective

Onboard microcosm has been widely used to evaluate the

impact of atmospheric deposition on marine communities, with

sufficient replicates to assess a range of treatments. However, the

features of natural environment cannot be fully reproduced and

limitations such as bottle effect may exist. Mesocosm, the large-scale

incubation, is considered closer to representing natural ecosystems

and has been also used to study the dust affect (e.g. Ridame et al.,

2014). Despite the different incubation volume, mesocosm and

microcosm yield similar phytoplankton response to dust addition,

such as the relieved nitrogen limitation, rapid and long-lasting

increase of Chl a. Moreover, it is believed that incubation and

sampling time is critical to reduce the bottle effect, and the first

rising period of Chl a during the incubation can best reflect the

nutrient state of the phytoplankton (Zhang et al., 2019a). In this

study, following previous microcosms investigating the response of

NWPO surface water to Asian dust, we monitored the planktonic

microbiome for 7 days until all groups reached the maximum Chl a

concentration. The duration is also within the range of the dust

residence time in mixed layer (Croot et al., 2004). However, the

response time of subarctic NWPO surface seawater to some high

dust deposition events may be up to 40 days (Meng et al., 2022).

Thus, long-term impacts of dust on planktonic microbiome merit

further investigation, particularly in terms of resilience of

communities facing disturbance. There are also limitations in the

use of metabarcoding. A prevalent issue is the discrepancy in the

number of rDNA gene copies across various species, especially in

microbial eukaryotes, which complicates the direct conversion of

rDNA read counts into the actual number of organisms present

(Burki et al., 2021). The presence of larger organisms or those with

unique genome architecture (e.g. ciliate and dinoflagellate) is likely

to complicate the rDNA data interpretation, since the number of

rDNA copies within a genome is positively linked to the cell size

and biovolume (de Vargas et al., 2015). Despite the fact that

metabarcoding analysis derived only relative or semi-quantitative

data, it is assumed that these molecular biases remain consistent

across samples, enabling the comparison of different ecological

states (Pawlowski et al., 2016). As shown in our results,

metabarcoding, microscopic and Chl a analysis collectively

evidenced the promotion effect of dust on phytoplankton growth

and particularly favored diatom growth. Moreover, we found

30.51~46.93% of OTUs were not detected in the ambient water

(day 0), and these rare OTUs transitioned to moderate or abundant

taxa during the incubation, contributing to the diversity increase

and community turnover. Whether a taxon can be detected by

metabarcoding approach is related to the choice of barcode region
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and primers, as well as the number of cells (Marinchel et al., 2023).

It is also argued that due to the variations in rDNA copy numbers in

certain lineages, the ecological interactions inferred from

metabarcodes-derived OTUs might be overestimated (Lima-

Mendez et al., 2015). However, large-scale batch analysis by high-

throughput sequencing uncovers a wide range of potential

interactions. This is particularly valuable when traditional

methods of morphological examination and physiological testing

are not feasible, particularly in natural environments. In the future,

profiling the metabolic activity and machinery in plankton may

unveil the strategy underlying the biointeraction in response to

dust deposition.
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