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1. Computational Microbiology

* Bioinformatics
Tools developed: mdRNA-Seq, gRodon, contigNet,

DeepMicroClass, DeepVirFinder, DeepVirFinder2,

Physiology

DeepMu, DeepBacOri, etc.
* Microbial Ecology and Evolution

Microbial adaptations to temperature, DO, pH,
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Microbial and viral responses to ocean deoxygenation
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01: Time-dependent microbial ecology studies

02: A UAV-baseih sitwommunity survey

03 : Rhythmic changes of microbes in Daya Ba

04: Rhythmic changes of viruses in Daya Bay
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100 year ol Soriiion o Temporal and spatial scales are utilized in
Analysis of m“"""Ship-baseci"" e dle ecological studies to interpret patterns,
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o Monthly dynamics of the surface microbial community at

San Pedro Ocean Time-series (SPOT) have revealed

o Hiedibi g

patterns that indicate community-level resilience and,

[T

often, seasonality.

[ ) | ] . o The absence of a sinusoidal pattern at a depth of 150 m

B Mt il ek 350 e iy AMIN indicates that seasonality in community composition is not

Tl

- 150 m, monthly demonstrated at this depth, and the gentle downward

trend (green line) indicates a degree of long-term

variability.

o With a daily sampling resolution at a depth of 1 m, the
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BRI 1 eyt v e microbial communities are more similar to each other.
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o Dynamics also reveal that correlations vary among

organisms depending on the timescale examined,

indicating that different processes operate at different

scales.
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o More frequent daily observations are required.
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Daily migration of marine life between the twilight zone and the ocean surface — animation by NASA

Diel rhythms—biological cycles repeating every 24 hours—are driven by the Earth's rotation and light-dark cycles.

Diel rhythms influence the physiology, behavior, and interactions of marine organisms, from phytoplankton to zooplankton and fish.
Light-driven rhythms are common in marine ecosystems.

The marine carbon cycle is driven by the photosynthetic phytoplankton, which are controlled by light availability and intensity.

The vertical migration of some zooplankton and predators is also regulated by the light cycle.

o O O O O O

Primary producers are consumed by higher trophic levels, bringing fixed carbon down to the aphotic zone—the biological carbon
pump. Heterotrophic microbes are dependent on primary producers—the microbial carbon pump.
GGG
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o Diel rhythms have been detected for photosynthetic or proteorhodopsin-containing microbes in the open ocean
o Synchronized diel expression of ribosomal and oxidative phosphorylation related proteins have been observed for

SAR11, SAR86 and MGlI

o Coastal waters are more dynamic than open ocean, diel patterns might be less obvious
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TOo answer :

® Do coastal microbes and viruses have diel rhythms?

@® If so, which ones show diel patterns, and why?

@® If so, which ones have similar diel patterns, and why?
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UAV Array
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o Baisha Bay (<5 m), in the corner of Daya Bay Bt = (Ps,—- ==
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o Physical models predicted waters of Baisha Bay : 1l _ "”south China s‘

circulated from ~15 m in the northern SCS e e '

Baisha Bay (Daya Bay) UAV Sampling
o Oct 28-31, 2021, UAV array sampling (1 L) with a 2h

time interval for 72 h
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3 stations, 500 m apart, forming a triangle
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Env. Sampling Bio. Sampling Library Prep Data Analysis
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Both salinity and temperature
remained stable during sampling,
while light intensity and tidal height
showed clear diurnal variation

Chl aexhibited diurnal changes, with
a decrease from dusk to midday,
followed by an increase until sunset

Light intensity decreased from the 2

day, while Chl aincreased

DO correlated well when Chl  awas
low (<5ug/L), and decreased
dramatically when Chl  awas high

(still correlated)
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o Chlorophyta and Bacillariophyta dominated the
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o Chaetocerosshowed the highest activity
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o Gyrodinium (diatom) were abundant but not active
o Predatory Phyllopharyngea (ciliate) were rare but highly

active
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o SAR11 clade, SynechococcusRhodobacterales, and Flavobacteriales were the dominating microbes

o MGII dominated the archaeal DNA and RNA, mainly from the MGlla clade (M, L1, K1 genera)
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i Choanozoa 18S rRNA gene
SSU rDNA Eukary.otlc 18S rRNA gene SSU rDNA Phototrophic 18S rRNg gene
2 Bacterial 16S rRNA gene > Chloroplast 16S rRNA gene
2100% ) Archaeal 16S rRNA gene Si00%- BB~ =C anoba_cEeflgI 16S rRNA gene
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Interval of sampling time (hours) Interval of sampling time (hours)
Eukaryotic 18S rRNA Choanozoa 18S rRNA
: phic 18S rRNA
> Bacterial 16S rRNA - Chloroplast 16S rRNA
S ) Archaeal 16S rRNA € = Cyanobacterial 16S rRNA
2 100% BT —— — 2100% -
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Interval of sampling time (hours) @ Interval of sampling time (hours)
o Archaeal communities remained stable o Cyano were more stable than microalgal comm.
o Bacterial communities drifted with time o Choanozoa rDNA showed strong diel rhythm
o Eukaryotic communities showed a 24h rhythm o Similarity decayed faster at the rRNA level
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Photosynthetic microbes, including
Cyano. and microalgae were mostly diel
at either rDNA or rRNA levels
Picoeukaryotes ( Micromonas) showed
lower rRNA activity than rDNA, while
diatoms and Cryptophyta showed

higher rRNA than rDNA proportions
Ciliates showed stronger diel patterns

at rRNA level, while copepods showed
stronger diel rhythms at rDNA level
Heterotrophic bacteria (SAR11 .
SAR116) showed diel patterns at both
rDNA and rRNA levels

Diel patterns for MGIl were weak

Flavo .
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Diel periods of light and tides
might drive the rhythmic changes
of chloroplast-bearing and
heterotrophic microbes,
particularly at the rRNA level
Picocyanobacteria were mainly
regulated by salinity, temperature,
and nutrients.

Chlorophyll  aconcentrations had
a strong influence on the
abundance of archaea and ciliates
Light-dependent heterotrophy
might be common for

heterotrophic bacteria
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TOo sum up :

@ Diel rhythms are common in coastal microbes

@ Differential rhythms can be detected at rDNA / rRNA levels

@ Rhythms of protists and heterotrophic bacteria depend on

light, tides, and primary productivity
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[ Data Analysis 1

Phylogenetic clades and taxononiiéel abundance patterns of different Diel Abundance

Analysis of o families determination viral groups from metagenome pattern analysis

___ DNA viruses

Analysis of

irgl. . el .
determination by searching RdRp groups from metatranscriptoré %'el A el e
RNA viruses

against NeoRdRp database

| Phylogenetic and taxonomic: Diel viral activities of different

Diel transcription and propagation

Quantification of g23 in cellul: Patterns of cyanophages and oi=er 2LCDUCTECL I
fraction to detect virus-host phages infecting heterotrophs patternianalysis

interaction

" ——— A network analysis of g23 and 16
Detection of transcription patte  Agys to infer their correlatisi® | Network analysi
Viral encoded AMG of viral encoded auxiliary relationship

metabolic genes (psbA, etc.)

Virus-Host interaction
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al
h Hﬂ?— —_| o© 22,151 viral Operational Taxonomic Units (vOTUs) were predicted.
i wwm | o Of these, 68.4% were classified into viral families, with Myoviridae
d é _—: dominating, followed by Podoviridae and Siphoviridae.
o ST - ;-——_: o The majority of classified viruses, 70% of which had a predicted host, target
; PR S Mryetemshi A - bacterial hosts, primarily Proteobacteria and Firmicutes.
el Mitugpissioi Ll meanilon o o A smaller proportion of viruses were predicted to infect  archaeal hosts,
% % | '| IH{“H* including Thermoplasmatota, Nanoarchaeaota, and Methanobacterota
ii z l iy "*"’---..,,_ﬁ o Temporal analysis revealed significant diel variations in the actively
£ : |L infecting viral forms.
1 ' pasaT— i o b ) o Peak community similarity occurred at 24-hour intervals (Bray-Curtis), and
2} o, e Df : = g non-metric multidimensional scaling (NMDS) analysis demonstrated
; o %‘3 F";G ™ = é . & s & distinct clustering patterns correlated with sampling days and light
- é ..: 5 v " *d :' Q conditions.
. : WIM:; o These findings highlight the stronginfluence of diel cycles on viral
Govinity @ Fin B 0w 8.7 0w | Lyn ey @ e O I community assembly, regardless of daily shifts in community composition.

Temporal dynamics of viral communities at Daya Bay
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S .rl _-\--
I'["!t . ._ - :. - ._.'“
M Synechovoccus o o
Bl Prochlorococcus A LY .
7 Unknown 7 '-'-_? o Unrooted phylogenetic trees of Cyanophages (n
Viruses : hady LS N : .
1o yaay St Gl TR el \ = 464 from this study, plus 50 similar matches
eterencs 2 1 L e Y
s Myl ey SRR
——- Siphoviridac o eRA R B . :
= Siphovirida SR from RefSeq proteins) based on large terminase
o i, (TerL) sequences.
I| ey el - .
! I: o Phages exhibiting significant diel patterns were
|
|
1 highlighted with a star.
|
II, .
' o Most of the diel cyanophages belong to the
A family Myoviridae.
N f o The hosts of diel cyanophages are mainly
Sy o Synechococcus, and a few are Prochlorococcus

Diel cyanophages at Daya Bay



D Phylogeny of d

el pelagiphages

AERFSIER

Department of Ocean Science
and Engineering

i

Yiruscs
B DayaBay
B Beterence

= M voviridas

= Siphoiridac o L gty i

== Poirenrnclae

Diel pelagiphages at Daya Bay

Unrooted  phylogenetic  trees for (b)
Pelagiphages (n = 178 from this study, plus 35
similar matches from NCBI RefSeq sequences)
based on DNA polymerase A (DNApolA)
sequences.

Phages exhibiting significant diel patterns were
highlighted with a star.

Most of the diel pelagiphages belong to the

families Podoviridae and Siphoviridae.
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o Unrooted phylogenetic trees for Magroviruses

Yirnses

B DiayaBay (n =47 from this study, plus 152 similar
M Reference
- ‘g}gﬁgﬂﬂﬂ; matches from NCBI RefSeq sequences) based
== Podoviridac

on DNA polymerase B (DNApolB) sequences.
o Phages exhibiting significant diel patterns were
highlighted with a star.
o Most of the diel pelagiphages belong to the

families Podoviridae and Myoviridae.

Diel Magroviruses at Daya Bay
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14.48% (3,209  vOTUs) and 437 vOTUs (1.97%) at the
metagenomic and metatranscriptomic levels, respectively, exhibited
significant diel fluctuations and circadian rhythms.

45 vOTUs were pelagiphages infecting Pelagibacter (SARI1
clade), 5 vOTUs were cyanophages targeting Synechococcus and
Prochlorococcus, 20 vOTUs were found to infect archaea,
including Thermoplasmatota and Nanoarchaeota.

Interestingly, phylogenetic analysis revealed a significant link
between viral evolutionary relatedness and diel dynamics. For
example, closely related viral  strains, based on T4 g23 gene,
exhibited similar diel abundance and activity patterns (Figure 2c-d).
Quantitatively, we observed a significant negative correlation
between phylogenetic distance and the similarity of diel abundance

(Figure 2e) and transcriptional activity profiles.
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(@) How: svie Sl (0} Dicl stiitus Diel ===Neini Dic] A general mirroring of viral transcription
] Sy e ¢ aniiitile ks T yantphadd
— Va0 - :f‘n ith the diel activity of their putative host
__-,:"....‘-,_E,fft'ul_" Ol with the diel activity of their putative hosts
- E o e S T - was observed, underscoring the tight
g b -, , - = . .
£ | el amiBagier pelngphaas g T TR - interconnectedness of wviral and host
E | E ' e —— dynamics in marine ecosystems.
< L e ST ~ | o
= : E T o Cyanophages showed tight synchronization
.g. .l t Mogroving with their hosts activities
. a | _ Pl S K ::_ W - | o Peligiphages showed weak synchronization
- u__]_b.kll".l.‘_ T 4 P 1"3%,( jresnyy | | b e with their hosts
T L PRIy o Masrovinuses peaked during daylight hours
> & E B ArARIEE R AR T ECIEARERRE RS A - . FrrafEEsrraC i . . )
??f%“’.ﬁ!??:.‘:::;n:.!!.5?5::-."-.}:???7‘?! !Eﬂ!'!E‘.”:::7!::’::?!:????!4532'i"H while their host peaked at night.
31 Tioms

o Distinct viral strategies in Daya Bay, “Kill-the-Winner” and “Piggyback-the-Winner” models were observed.

o Specifically, cyanophages and pelagiphages appear to employ the "Kill-the-Winner" strategy, = where viral abundance
increases with host population size.

o Conversely, viruses infecting MGII Euryarchaeota may adopt the "Piggyback-the-Winner" strategy, exhibiting increased

abundance even as host populations decline, potentially indicating a shift towards lysogeny under specific conditions
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| T NN ! - s - : VisS—= o 30 dominant genes with significant diel expression patterns were identified.
E ] B T o DNA replication and virion assembly genes  consistently peaked during
'_; N - £
g | 013 50 | kit e e BtE E ! =, _ daylight hours, in synchrony with the host's peak photosynthetic activity.
i /'—:;::.:;:—:—"‘- § : o Structural protein genes, including those encoding the T4-like major capsid
B aUat e o s i s o | |
g e =, ] M""’!‘\ protein Gp23, minor capsid proteins, and the capsid assembly scaffolding
Cyanophage -E _//_W % ) . .
i ] : T e e e g — protein, exhibited distinct diel profiles, peaking sequentially in the early
e e :
Gl M J,.-""'"‘-\__ R T L Ir— morning, at noon, and in the afternoon, respectively.
] —-l:l:l--tll_l!..- [y — __ A 5 E W . . . b o .
i £ B el s i o DNA replication and repair genes (e.g., replication factor C large subunit,
2 : M dnaN, gp23, DNA ligase) peaked between morning and noon.
B - M _hd TTE il s e T
= = - 3 i W o FG-GAP (phenylalanyl-glycyl, glycyl-alanyl-prolyl) repeat proteins,
E ! . }i .:":“E\:;Ell? exhibited peak transcription during daylight hours.
,E E' A — o Several stress-related genes, such as chaperones (e.g., TCP-1/cpn60 family
e,
21 = B proteins found in archaeal viruses and chaperones in pelagiphages), UV-
Pelagiphage B | [m e e o ST FPeptvem s e { g adead
5 W : M endonuclease UvdE, and peroxidase, showed significant diel patterns.
G el o o ing perox |
% == s _ i —’W\ o The expression time of genes encoding peroxidase peaks later in the
i | W . g by afternoon (16:30), coinciding with the peak generation of HOOH, which
| S m s s |
: IW TR T e leads to cumulative oxidative stress. This late-afternoon peak in peroxidase
-—--""“"--.,_-,/""-,___,/'H I W activity is strategically timed to detoxify accumulated ROS and alleviate
g III-lIII IJIIII‘I‘I FREFEBNREEREEREE

seinan i Enaaarn i ittt i oxidative damage during a period of maximal environmental stress.
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j. il TP cpohll chaperonin Eamily

L -endonuclease

ﬁ-‘_‘“tg S

emmry w0

Peroxidase I FLG-GAP Repeat

-@@ o FG-GAP repeat genes

were predominantly
concentrated in the tropical
Pacific and Indian Oceans,
with scattered presence in
the Atlantic, suggesting
adaptation to warm,

oligotrophic waters

o Peroxidase genes showed a broader distribution across various latitudes, notably in the Mediterranean Sea, Levantine Sea, and Indian

Ocean, indicating their widespread role in ROS detoxification across diverse marine environments

o The TCP-1/cpn60 chaperonin family exhibited a clear preference for polar and subpolar regions, with the highest relative abundances in

the Arctic, Antarctic, and Southern Oceans, highlighting their functional role in adaptation to cold, demanding environments.

o Conversely, UV-endonuclease genes were more abundant in tropical and subtropical regions, particularly in the Indian Ocean and t he

tropical Pacific, aligning with high solar UV radiation levels and emphasizing their importance in DNA repair
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TP 1 cpaili chapersain t-i;ﬁnuu : = SRS S
® © ; T SR o Viral proteins exhibited closer phylogenetic
- \.:':"'ill Lo ;-':-1_. ;. 5 _ G 0 o o
i | VA affiliations to specific bacterial groups or other viral
e Wnirie & ke Furazal Do M sequences, while remaining distantly related to
Bayi Bay Vina *“‘:3, i-:- i
K-

archaeal and eukaryotic homologs. This pattern

..... supports the idea that viruses acquired these genes

 Peronidang

through HGT, potentially from bacterial hosts or co-

* rom s *1* -
£ria " 127 A I‘.‘i" . i}
<NENe

T Haty Nhyowinde F-GAP repeat

e - wusn . o Comparative structural analysis with experimentally

infecting phages.

: N : .
“ s A | determined homologs revealed significant
., 1/ B ) AT . . .
byt N K -ﬁ*hw' conservation for viral peroxidase (RMSD 0.74 A),
® thay Virus e, Candevirales phage . " '

"y
r .

L d

I y z
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3 |:"r E
&\;\f / g Jff UV-endonuclease (RMSD 1.27 A, and TCP-1/cpn60

) g Daya Bay Virus : ._.T:;:\‘ ) ) -
R ‘ | oventmscn _ _:( ey L chaperonin family protein (RMSD 0.61 A). These
- Fj et ';Ii 3' '5: Ly low RMSD values strongly suggest that the overall
| o7 A I | et
"{ e protein structures are conserved and, by inference,

]'.h.mu .ﬂe‘.ﬂh‘ﬂﬁ Wi IZ'm-: Hay ‘-Irﬂ-ﬂhﬂ:
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similar functional mechanisms are expected.
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o The dnaN gene in a
dominant Myoviridae vOTU
1s particularly significant, as
this AMG, encoding the
DNA Polymerase III beta

subunit (the 'sliding clamp'),

. - !:_" Eu
R i l’cﬁj‘— = 5 l has thus far been found in
;a?." ‘ I !Lmﬂrm:;::%l:mﬂlﬁm i E_ ’ : 1
& j:: 2 _,_;;_;ffjd ITr = | .. jiﬁ'.‘ : oD ST only a limited number of
KR e S ] ¢ - ! .
$O8F T R . t e sequenced cyanophages,
FEF FrARRS =y
f- :5.3 E ? !.!- .1-?' ;ﬁ E (L5 “La ez Fir
i1 i Aassermavii EcEGH Sampling Gt such as P60.

o The presence of dnaN provides substantial benefits for the infecting phage by dramatically increasing the processivity of
DNA replication, ensuring rapid and efficient synthesis of progeny viral genomes within the host cell.
o This strategy allows the phage to potentially override or augment the host's own replication machinery, thereby accelerating

its life cycle and maximizing virion production, especially during periods of high host metabolic activity.
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TO sum up :

@ Diel rhythms shape viral dynamics, community composition,
host interactions, and gene expression
@® Viral abundance and activity are synchronized with host

physiology and environmental cues
@® Novel diel genes associated with circadian regulation were

identified, such as UV-endonuclease, peroxidase, and

chaperones, etc.
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