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Phycosphere Microbiology: an emerging interdiscipline
comprehensively promoting sustainable development

ZHANG Xiaoling, YANG Qiao

College of Marine Science and Technology, Zhejiang Ocean University, Zhoushan, Zhejiang, China

Abstract: Algae and bacteria are both the oldest forms of life on our planet, and billions of years of
natural evolution have driven the algae and their microbiomes to evolve into interactive
phycobionts. Through complex, flexible, intelligent, and multi-interface interactions between algae
and bacteria, the functions of both sides of the phycobionts are exquisitely regulated. The creation,
innovation, and development of the phycobiont theory shows vital scientific value for revealing the
mystery of the origin and evolution of the life on Earth, and this theory is also being transformed
into diverse practical applications in significant fields for sustainable development. After centuries
of incubation, knowledge accumulation and development, currently, it is the right time to promote
Phycosphere Microbiology to develop into an emerging interdiscipline. In this review, we
comprehensively discussed the core concepts of Phycosphere Microbiology, sorted out its vital
relationships with environment protection, human health maintenance, resource utilization, and
green-oriented transition of energy, then reviewed its development history, and summarized the
main research achievements during three development periods. Finally, we also proposed and
discussed the future development trends and potential research directions for this emerging
interdiscipline.

Keywords: Phycosphere Microbiology; phycobiont; phycosphere microbiome; interactions
between algae and bacteria; emerging interdiscipline
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BEPEY
Phycosphere Microbiology
I 1
WA G WM
Subjects Contents
W EOEAS . A, ARBAH . 8%, AR, 43K,
M2
B B o . S ARSI AL
4y Wy ik T Molecular Study the basic characteristics and patterns including
Bacteria Archaea Actinobacteria = Molds > YK morphology, growth, physiological metabolism,
Cellular genetics, ecology, classification, and evolution
S 7R A S R R R I R B AR
HA HY B 258 B Species Reveal the process and mechanisms of the interactions
Lichenized fungi Yeasts Virus > KK between algae and bacteria within the phycobionts
Community HESNIAETRGE . (R, VOO ARG T RS R
. " > EBRS A5tk 932
Ih A T HA AR Fh IK- Promote the wide applications in various fields of the
Phages Microalgae Unknown species Ecosystem environment, huamn health, resources, and energy for

Bl CEERMEDENHREREMRAS

the sustainable development

Figure 1 Research subjects and contents of Phycosphere Microbiology.
JUT-4ERT 202 et 20104F48
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growth period

1L BRI AR

i 1. Preliminary understandlng of '

1L OB

1 Creation of core concepts
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1. — RANELHITH R ARG

1. Series of key advances achieved

D oS | 2. kA 2 BSHRRT R
2. HEHEE L, : i 2. Birth of Endosymbiotic Theory i 2. Application fields fast expanded
i 2. Establishment of key concepts L3 AT RER 3. R R G

§ 3 mEbr A e L R R EE 5
| HTEAE

i 3. Birth of initial Phycobiont
i Theory

E2 ERAEMENERARREE

3. Molecular biology era

i 3. Multiomics & systems biology era

Figure 2 Diagram of the development history of Phycosphere Microbiology.
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Table 1 Representative events in the development history of Phycosphere Microbiology
W]

Year Key events

JESFAEWJLT4EET = 20 42 1) Enlightenment period (from thousands of years ago to the middle 20th century)

1703

1753

1798

1867

1872

1890

1915

1940s

NFEH IR RE BT 3 (Tabellaria)E A THNIIE A WA T 53¢

The first observation and record of cell morphology of fresh-water diatom Tabellaria

RIR - MBS AECHPIFh &) (Speciesl Panatrum) A< A28 5 Lihcen J&

Carl Linnaeus classified lichens in the genus Likcen in the book titled Species! Panatrum

B g - BRSO R AR 2657, R B A 735 A, S Hoh — 1 1 2R

Erik Acharius created lichen taxonomy and published several books on lichenology, and promoted it to become an
independent discipline

V5 - it SCRELN A AR th B0 58 E S5 B, s T AR i AR AR B

Simon Schwendener discovered that lichens were complex organisms which were composed of fungi and algae, thus
revealed the dual nature of the lichens

Ly AT - N R Y “consortium™— ] , HIR 7S H LI AR fY 5 5 U G

Johannes Reinke coined the term “consortium” to describe the relationship between algae and fungi that make up the lichens
T 55 - DUHIS AR v 3 25 3045 e P2 el

Martinus Beijerinck was the first people who isolated phycosphere bacteria

AR - IRORRMRE T A A ISR ORI A A b A S BR A T AP

Charles Walcott found the evidence for the existence of phycosphere bacteria in fossilized limestone from the
prepaleozoic era

RIS - ARV A 2 PRAT A AR FEA T 2075 5 Dt 5 2 R AR R oA T B B TR

Ernst Prinsheim isolated, preserved, and shared a large number of algae strains, and made significant contributions to
major algae collections in the world

BRI 0 T4t FP ek 2 21 40 104248 Establishment and growth period (from middle 20th century to 2010s)

1943

1952

1953

1957

1963

1969

1970

1972

1973

LI HB-BAT L A3 1 Hh 4 2E 4 (holobiont & F 42444 B1lif (Theory of Holobiosis)

Meyer-Abich coined the concept of holobiont and proposed the Theory of Holobiosis

JRUBRE » BT PR DB - LR AR T R A i 5 K B A= A BRER

Wilhelm Ostwald et al. developed a biological treatment technology for domestic sewage based on the bacteria-algae
symbiotic system

Wy 20 90« K IR G i W a5 W 5 A Sl RS AL B R OB AL, DA D' ) B 7 4 S o o P B 7 i A

Harold Milner invented the transparent container to promote the large-scale cultivation of microalgae cells, and laid
important foundation for the practical application of photobioreactors

Ieif - R H 5 R A A 3 [H] 7R (phycobiont) &

George Scott coined the concept of phycobiont

5% 91 2 e B T B B U PRAAR (1969)

Saffman discovered cyanobacterial viruses in 1963, and then cyanophages in 1969

PRI - ST PR A5 B B R - A B 1 O R R T

James Stewart and Malcolm Brown first discovered the algicidal bacteria

PRI Iy R H Y A 2% 1 (Endosymbiosis Theory)

Lynn Margulis proposed the Endosymbiosis Theory

F3 B DR B ok R - KYIR 42 H 3B (phycosphere) &

Wayne Bell and Ralph Mitchell coined the concept of phycosphere

VLA e e g Wb [ A R ) — 15

Wei Jiangchun began to compiled the book titled Chinese Lichens

GE3)

http://journals.im.ac.cn/actamicrocn



1838 ZHANG Xiaoling et al. | Acta Microbiologica Sinica, 2025, 65(5)
(B 1)
W EEE
Year Key events
1978 SRITHFAL - JAE 7 FL 1 W5 B0 P B D PR 00 B 5 408 41 28 44 1) <« PP e G A v ™ 2 RO
Estela Silva discovered intracellular bacteria in dinoflagellates and proposed the famous hypothesis of “toxic production
by symbiotic bacteria of dinoflagellate”
1982 &k - BHR L H B AH A FH (interactions between bacteria and algae)
Jonathan Cole coined the concept of interactions between bacteria and algae
1988 JLEIE WA BRI T R iAe B 0 PR 1™ RE 2 B8 5447 [ B PTB-1
Masaaki Kodama discovered the paralytic shellfish poisoning (PSP) toxin-producing bacterium, Moraxella sp. PTB-1
from a PSP toxin-producing marine dinoflagellate
1989 24 - hLFF IR R IUSE M e b A A6 K/ NI R 2R
John Lazear studied and discovered the factors that influence the size of the phycosphere niche
1994 FRRBAGFAR H « ATHTG B0 L%
Zheng Tianling et al. proposed a new idea of “bacterial control the harmful algal blooms (HABs)”
1995 A& 7R L - A ZEAR R BV TR KB - AR ELAE
Gregory Doucette discovered algicidal bacteria and algae-bacteria interactions
1999 {F1487E - i S5 4 HE E /4 (interactome) A4
Bernard Jacques et al. coined the concept of interactome
2000  FEHEE - 522 SEFSY S BR BOAT I (Roseobacter) S AT 5 & IR X e b B AR 45 A e ol e AR
Mary Moran’s team studied the bacteria of the Roseobacter group in the the phycosphere niche, and found that
microalgae play a decisive role in the community structure of the phycosphere microbiota
2003 BRUTAFBE L ATAR VDB A My s B T A
Wei Jiangchun’s team proposed the “Desert Biocarpet Project”
2008 HHRIE - 75 /RAA-2 A S5 3L R 4 (hologenome) A&
Ilana Zilber-Rosenberg et al. proposed the concept of hologenome
2009 5 TR - BT AR €5 SRR AT AR H ik o - R G AR
Virginia Armbrust’s team proposed the interactions between diatoms and algae
2009 A ATBATT G FP s ) ] 15 SR B E WY oo g B AR Wi D REDFSE

Yang Qiao’s team isolated the cultivable phycosphere bacteria from toxic marine dinoflagellates and studied their
bioactive functions

PR g e (21 428 10448 2 4) Rapid development period (from 2010s to the present)

2012 3R RV - BT ARA B TR £ A b - T OC 2R 0 JRE S T 1 P A A T By A ) B
Virginia Armbrust reviewed the interactions between diatoms and algae and looked forward to its importance in
regulating marine ecology and predicting and regulating global climate
2014 BRYTAEBE LA A SE R A A SR A ELR (Endocarpon pusillum Hedwig)ir) 4= 3 K 41 0 7
Wei Jiangchun’s team completed the first whole genome sequencing of Endocarpon pusillum Hedwig
2014 AR AR P v e A P AR A s VA SR IR P R R PR A TR Z AR TR B
Yang Qiao’s team revealed the biodiversity of phycosphere microbiota of some typical HAB-causing marine
dinoflagellates using high-throughput sequencing technology
2015 90 JE V. - BT ARAT 6 R ] AR B s 1o £ IR P8 A VA S 8 pL
Virginia Armbrust’s team elucidated new signaling mechanism of algae-bacteria interaction by indole-3-acetic acid (IAA)
2015 MRERZSHI BN e 1 FE 2B LA H 3 U PR (Symbiodinium kawagutin) BER 41
Lin Senjie’s team deciphered the genome of Symbiodinium kawagutii which is an important coral symbiotic dinoflagellate
2016 HLARIA - P8 R R OCR LA R T ARSI TR R E S
Rishiram Raman et al. published the review of algae-bacteria interactions, and looked forward to the great potential in
promoting sustainable development
(§28)
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Year Key events

2017 BTN - VR AR E LRI R K A R G TR AR S 20 R AL AR SR AR LA

Justin Seymour published an important review, providing new perspectives on the mechanisms and significance of

interactions between phytoplankton and bacteria in aquatic systems

2019 BOKHE - PG B TRG - PR R REAA , B2 B R LA X R OT R B AY 20

Emilio Ciri and Giorgio Bonnet published a review and summarized and looked forward to the important impact of

algae-bacteria interactions on global element cycles

2019 H il RS R I O rh i A e A A S ORI W AN R AR S T AR I B AR

Takuro Nakayama et al. found that symbiotic cyanobacteria were common in marine dinoflagellates, providing important

clues for re-understanding the ecological functions of marine cyanobacteria.

2019 FEFIRTE - 2 e A5 R BB - - s ) SR A LA AL A B AL , SRS R A= M A A~ B AR 2
Mohammed Doniya et al. discovered the chemical defense mechanism of algae-bacteria-animal complex symbiosis,
indicating that different organisms share a common chemical defense system

2021 RGPS SRR B B ELAE X RKE SR BRI STk g SR B T TR ELA RIS AL R v
Fariba Rezvani et al. reviewed the research progress on nutrient removal from wastewater by algae-bacteria interactions
and looked forward to the huge application potential of the synergistic mechanism of algae-bacteria interactions

2022 CRRIFHEDL SRR AT G RN 2 AR BN R
Yang Qiao’s team published the academic book Biological Research and Application of Paralytic Shellfish Toxins

2023 HFIY - KBS S GO 5 ER R AP Z ) EAERL , S FE R EAE R SR H 2 B
Maria Mitta et al. revealed the interaction mechanism between microalgae and mutually beneficial and antagonistic
bacteria, laying a foundation for the study of algae-bacteria interactions mechanism and application

2023 AR AT AR HE S BE PRI W~ B 2 A

Yang Qiao’s team began to promote to establish phycosphere microbiology as a new emerging interdiscipline

2024 (PEBRBA Y22 S0 ) CREBR A 9072 - T AF 1 N E 3 ) 45 35 bR IR 9 2 3R 9 A A4S Bl 28 1 R
Yang Qiao’s team published series of books on Phycosphere Microbiology, including Introduction to Phycosphere
Microbiology and Phycosphere Microbiology with Hundreds of Years, Peoples and Events

2024 R BHREE R A AR U N LR AR BEA 0 TS AR F U AR O ST REVGRY e A W)
Taylor Cole et al. discovered that the endosymbionts of nitrogen-fixing bacteria of marine microalgae evolved into the
nitraplasts, extending the understanding of the functions of prokaryotic cells to eukaryotic organisms

[
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