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Importance of nitrogen cycling in the biosphere

/ N, < ® The nitrogen (N) cycle is one of the most
0° | % biogeochemical cycles and plays critical

N.O NH,* 4—-; OrgN in ecosystem functioning
ure
g _ / ® Including nitrification, denitrification, N
g, &/ fixation, and anaerobic ammoinum
NO S no S/ NH20H oxidization

® Coupling with carbon (C), sulfur (S),
phosphorus (P), and metal cycling
processes (e.g., N,O and CH, production

and removal)

® NO, accumulation in aquaculture
ecosystems

How do N cycling microorganisms interact?

(He et al., 2010, Ecol Lett; Kartal et al., 2011, Nature; van Kessel et al. 2015, Nature; Wu et al., Environ Microbiol)
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Ney ecology questions:

Who is where with whom doing

what, when and why?
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® Element cycling & coupling
® Food web interactions

® Biological stoichiometry
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(Elser et al., 2000, Ecol Lett; Elser et al., 2006, Am Nat; GroBBkopf and Soyer, 2014, Curr Opin Microbiol )




Synthetic microbial ecology is a new interdiscipline

Pure culture studies Field studies
Synthesis Ve
C:ltalysis ‘ ‘E*‘,, '0'
Remediation (| ; é é%
No interactions! Sensing \ .- E,ﬁ High complexity!

Recording M “
Reporting | N é

Synthetic microbial ecology

Bridge pure culture and field studies

® (Changing community composition
® Understanding biotic interactions

® Enhancing community functionality



Two objectives of synthetic microbial ecology

1. Testing ecological theories

and hypotheses: understanding
the general principles and rules of the
dynamic interplay among different
biological genotypes

2. Applications of synthetic

communities: rationally
engineering synthetic microbial
communities to enable, control or
optimize a desired biotransformation

=) Microbiome engineering



Synthetic microbial community construction

Design—Build-Test-Learn model
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® Focusing on interactions and L S
dynamics M@ﬁ;:gjﬁ }
® Enhancement of community- ‘
level functional traits E.gng

(Johns et al., 2016, Curr Opin Microbiol; Lawson et al., 2019, Nat Rev Microbiol)



Characteristics of synthetic microbial communities
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® Reducing community complexity SR

® Increasing system controllability

(Zomorrodi and Segré, 2016, J Mol Biol; Grosskopf and Soyer, 2014, Curr Opin Microbiol)



Research and application of synthetic communities

nature microbiology
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A framework for synthetic microbial ecology

Selection of
microbial species

i,
o e

Sequenced species

Enriched or reduced
communities
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Rational design of

microbial
communities

)

o
Microbial interactions
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Mathcmatlc modeling
and simulation
Divide and conquer
Compartmentation of
functions

Temporal and spatial
dynamics

Optimization of
growth and
functionality

Optimizing local
conditions

* Defined common media
* Control populations
* Exchange metabolites
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Optimizing functional
processes
 Functions/subfunctions
* Regulatory circuits

» Key species/genes

Long-term
evolution and
analysis

Community analysis

* Species abundance,
composition and
dynamics

« Community resilience,
resistance and stability

* Ecosystem
productivity and
functioning

Functional analysis

* (Gene expression

* Protein/enzyme activity
* Metabolites

* End products




Synthetic ecology vs. synthetic biology

_ Synthetic ecology Synthetic biology

Scientific question

Basic element

Key technique

Regulation

Controllability

Composition-interaction-function

Individual organisms

Optimization of community
composition, biotic interactions,
community metabolic modelling,
and process couplings

Community composition,
dynamics, interactions and
evolution

Community and ecosystem levels

Structure-function-regulation

DNA sequences
(genes/pathways )

Individual metabolic modelling,
genetic engineering, gene/protein
expression

Gene functions and metabolic
regulation

Gene expression, metabolic
products
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Nitrification process and nitrifiers

Ammonia oxidizing
bacteria (AOB)

Complete ammonia oxidizers
(Comammox)

How do those four types of nitrifiers differentiate in

niche and interact in the environment?




Microbially-driven N,O production in coastal wetlands

4 A
The greenhouse effect of N,O is
300 times of CO, )
Aerobic |
wion 2 g9 () e N
= e . . : A NGy,
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area -
N,O production
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> Nitrifiers and dentrifiers mainly regulate the production of N,O

» Comammox bacteria produce less N,O than AOA and AOB
(Zhuang et al., 2019, Microbiol China; Jiang et al., 2023, Glob Change Biol)



Scientific questions and hypotheses

How do NH, *concnetrations affect nitrifiers’ niche differentiation ?

Nitrifiers differentiate in their niches under an NH,* gradient largely
due to their affinity to NH,* or NO,-, growth rate, and substrate
inhibition:

« AOA are dominant at low NH,*, AOB at high NH,*, while Comammox

are between

« Comammox and NOB compete for NO,-, and NOB prefer higher

ammonium than Comammox

Tested by synthetic nitrifying communities



Niche differentiation

Niche: The niche of an organism is the functional role that it plays
within an ecosystem.

Ecological niche is determined by the biotic factors (e.g., animals,
plants, fungi, microorganisms), and abiotic factors (e.g., sunlight,
water, nutrient resources).

Niche differentiation: o | i | o [ e o || e
o Matatdfeentaton  f| oo o |EElEsae S5 e
® Territorial differentiation : #' 'H\ I,r/ . \“‘x PR | S = 4
® Feeding differentiation : / /o ey =gl il HELS

® Physiological differentiation |/ /X N\ %)}# ;}”

® Body-size differentiation T resourceee el



Synthetic nitrifying community construction

Characteristics N. inopinata'-? N. gargensis'->* N. communis> ¢ N. moscoviensis’3°
. A 1200-m deep oil . . _
Sources of strain exploration well Hot spring Soil Heating water system
Spiral-shaped cell with Round cell with a eslllliorstgi(zgsl 3‘2 th round Irregularly shaped cells
Cell morphology a flagellum flagellum en dI; or spiral-shaped rods
Cell dimension (width x Length, pum) 0.18-0.3 < 0.7-1.6 Around 0.3 x 0.3 1.0-1.4 x1.7-2.2 0.2-0.4 x 0.9-2.2
Optimal Temperature ([) 37 46 28 37
Saturation constant for activity (K )  0.65% 372" 5.62 Around 10002 9°b
Maximum specific activity (V) 12.8¢16.94 28.7¢ ND 184
Saturation constant for growth (K)) ND ND ND ND
Maximum specific growth rate (n_, )  0.032 h'! 0.028 h! 0.084 (0.055) ¢ 0.031 h!
Comammox AOA AOB NOB

(Kits et al., 2017, Nature; Daims et al., 2016, Trends Microbiol; Spieck et al., 2006, Environ Microbiol)



Experimental design

Selection of microbes (4 nitrifiers)

&

Pure culture experiment

?

: O Variable:
Temperature

: O Method:

: NH,*-N and NO, -N consumption
qPCR

”~

-

~

Optimal temperature for culturing

™

: Medium unify

: O Variable:

» Medium
O Method:
~ qPCR

Five groups of

synthetic nitrifying

communities

Performance under optimal temperature and
unified medium

S

Response to ammonium concentrations

SMN (4 micr

R R R R 0.2mM 1mM 2ZmM 10mM 20mM
é D Variables: = = = = Comammox / :: N2C
. v Treatments: Combination of microbes - Es == = . /—n"
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The dynamics of synthetic nitrifying community N4

~ 125 125 125
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« At02mMNH,, Comammox >AOB/AOA>NOB
« AtlmMNH,”, Comammox >AOB>AQOA>NOB
« At=22mM NH,", AOB were dominant

(Yang et al, 2022, Front Microbiol)



Nitrifiers’ substrate affinity and niche differentiation

__60
= ) ;
260+ I'm Ks2 K1 Vm Km(app) R
Q
E . Measured Simulated N. inoginata . . a b b a b
£ 0l e _s;rm”m;md " ga;w? N. inopinata 34.93 857 3002 16.88 282 0.976
g ‘ Mesed —Simiaid N moseovnss| | N gargensis 597 58" 6191"  500° 42 0778
o d
g 2 * N. communis ~ 111.84*  8310°  23826° 51.28* 2553° 0.971
=
E 50k '~ ¥ N. moscoviensis  42.32% 763 ¢ 2004 ¢ 18.94 ¢ 228 °¢ 0.732
= 3
E - : @ 1M ammonium or nitrite h™'; ® uM total ammonium; °uM nitrite.
E 10, 1 415 20 25
g D i i i ; I

0 5 10 15 20 25 30

Total ammonium (mM)

(Fitted by the Haldane Model) AOA had the highest affinity to NH,*,

then Comammox, and then NOB and

(Sheintuch et al., 1995; Yang et al, 2022, Front Microbiol)



Nitrifiers’ substrate inhibition and niche differentiation
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- At high NH,*, the growth of AOA, Comammox, and NOB was inhibited

« Even at 20 mM NH, *, AOB were not significantly inhibited.

(Yang et al, 2022, Front Microbiol)



A conceptual model for nitrifiers’ niche differentiation

Tl ” v Substrate affinity
S L IS omammox 1
Mg SiNgs = No5 v Growth rate
it Sf.—;;;;nh rate or activityN : - u - mg"
v' Substrate inhibition
o «  AOA prefer low NH,*, AOB prefer
\ i % high NH,*, and Comammox prefer
T A U I L middle NH,*
~ 0041 N gargensis I — "1 — N.moscoviensis
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(Yang et al, 2022, Front Microbiol)
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Biodiversity-ecosystem function (BEF) relationship

* In plant and aminial studies, BEF was positive, negative, or not related

* Methanogen richness was positively correlated with methane production

1500 - . I P <0.03
: L * & -

1250 . @ i . 0.3

1000 @

750

Plant biomass (gim®)
n
=

ra
8.!!

o

: 16 3 ' 2 A & 10
Number of species (log scale) Applied strain richness
(Loreau et al., 2001, Science) (Fiegna et al., 2015, ISME J)

BEF relationships and underlying mechanisms

remain elusive for microorganisms




Long-term experimental evolution

E. coli experimental evolution Desulfovibrio vulgaris v
experimental evolution -\."““
N oFEN populitions Six funetional gene groups in DvH under niteate stress (DVLUF) , B Nitrate

ﬂﬂﬂﬂﬂﬂﬂ

— if Shifting energy metaholism

et SOy AAPSY g SO =R IS

CH0H 4 Ny \_fj] CHLEHOSNADRH H' [ Conferring growth advintages in stutionary phase i

Richard E. Lenski

* Evolved >90,000 generations

 ~ 36 years Salt tolerant mechanisms for D. vulgaris

(Lenski et al., 1991, Am Nat) (Zhou et al., 2013, ISME J; Wu et al., 2020, ISME J)

Few studies with microbial community evolution




Dentrification and denitrifers in the environment

&
~-
-, > ® Archaea
&:" =4 4 Actinobacteria s Cropland soll

R & Bacleroldales e Farest soll

'- A Chlgrofiexi = Paddy soll
4 Spirochasies Lake sediment
B Alpha-protecbacterin

B Beta-protecbaciera "
O Delta-protecbacteria
= Epsilon-protsobacteria
| Gamma-proteobactenia
1 & Mitrospira

Denirtrifcation process and key
functional genes

Denitrifiers are widely distributed

in the environment

(He et al., 2010, Ecol Lett; Wei et al., 2015, ISME J)



Key scientific questions and hypotheses

Q1: What are the BEF relationship and underlying
mechanisms of synthetic denitrifying communities?

H1: The productivity and denitrification of synthetic denitrifying communities
would be positively correlated with their richness due to more corssing-feeding
and interactions at higher richness communities

Q2: How does long-term evolution affect the BEF
relationship?

H2: Long-term experimental revolution would decrease biotic competence and
enhance community functions but differs with different richness levels due to
complex biotic interactions



Experimental desigh and analysis

Three types of synthetic denitrifying communities:

BEF relationship

Richness and community function
* Richnessof1. 2. 4. 8and 12 Shewanella SDCs
* Microbial interactions (Rivett et al., 2016, ISME J)

Phylogenetic diversity and community function
* Distantly/closely related SDCs (DR vs. CR)
* Community function and stability

Interaction and evolution mechanism

« SDC1, SDC2 and SDC6
* Genome/metagenome re-sequencing analysis
* Mutation analysis



Richness and denitrification function relationship

0.60 1.60
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Richness of SDCs was positively correlated with biomass

or denitrification rate (Spearman’s correlation)

(Wu et al, 2023, Microbiol Spectr)



Denitrification function increased during evolution

03 4 - 38 b
“ -5 :';Uﬂf.
(m] T
D 4 ] : GUIU E
~ 1.0
=~ 03 i) -
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= — o
= E
0.1 a .
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il B i 8 12 T 4 8 2
Richness Richness

Positive correlations between richness and function were more

evident in the early stages (3-60 days)

(Wu et al, 2023, Microbiol Spectr)



Effects of richness and evolution on community functioning

0.3] =—e— Net Biodiversity effect .
—+— Complementarity effect *
—#— Selection effect

0.3

=
N

=
—

Biodiversity effect
&=
o

]
o
—

2 4 8 12 60 90 120 150 180
Richness Day

Net biodiversity = complementarity + selectivity

AY = NARYN + N cov(4RY, M)
(Loreau and Hector 2001)

Net biodiversity and complementarity effects generally
increased with richness and evolution



Dynamic BEF relationships during experimental evolution

— Net biodiversity effect
— Complementarity effect
— Selelction effect

--- Low diversity Dynamie biodiversity-ecosystem function relationship
— High diversity
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=)
2
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> Le High ]
. - oW : i
Generation ey -

® Complementary effect of low-richness communities increased rapidly, while the
selection effect decreased slowly

® Ecosystem functions were high in high-richness communities, but increased slowly

® Complementary effect increased with experimental evolution, one of mechanisms for
increased in SDC functions

(Wu et al, 2023, Microbiol Spectr)



SDCs with low and high phylogenetic diversity

(a) Providencia rustigianii ATCC 33673 (b) —— Shewanella sp. W3-18-1
— Thauera aromatica K172 |7 Shewanella putrefaciens CN-32
Sulfurospirillum delevianum 5175 Shewanella frigidimarina NCIMB 400
Paenibacillus polymyxa ATCC 842 Shewanella decolorationis S12
_ Desulfovibrio vulgaris hildenborough il I Shewanella baltica OS] 55
Hyphomicrobium denitrificans X Shewanella amazonensis SB2B
Ciceribacter thiooxidans F43b Shewanella mangrovi YQH10
Ochrobactrum anthropi ATCC 49188 Shewanella fidelis ATCC BAA-318
\— Paracoccus denitrificans ATCC 19367 | Shewanella marisflavi EP]
Cupriavidus necator H16 Shewanella loihica PV-4
(S e
0.10 0.010

10 strains of different genera 10 strains in the same genus

. (Shewanella;
Distantly related (DR) SDC Closely related (CR) SDC



SDC functions with low/high phylogenetic diversity

Generation

3;: . = ® The DR community had

' " I - I - I - ! % 3 significantly (P < 0.05)

G ™ | higher denitrification rates
g, than the CR community

CR DR CR DR CR DR CR DR CR DR . The DR Community had

M =T significantly (P < 0.05)
o | s - A o e higher productivity than
% the CR community (~3.6
ﬁ times)
AN A L

0 - T T e (Zhou et al, 2023, Environ Res)




Species survival rate and synchronicity

Factors SS DF MS F (DFn, DFd) P value
Phylogenetic a
diversity 0.551 1 0.551 F(1,60)=106.100 p<0.001 2 1.0- b
=
1
= |
=
Generation 0.955 5 0.191 F (5, 60) =36.750 p <0.001 & 0.5
Phylogenetic
diversity X 0.141 5 0.0283 F (5,60)=5.439 p<0.001 0.0- T
Generation CR DR
® Phylogenetic diversity, evolution and their ® The CR community was
interactions had significant (P < 0.01) effects on the more synchronized than
survival rate of community species the DR community (P <
0.01)

» Implications: more phylogenetically diverse microorganisms should be used for
synthetic community construction

> In-depth studies: interaction-driven mechanisms for enhanced community functions

(Zhou et al, 2023, Environ Res)



Experimental design for interaction mechanisms

Dinitrifiers SDCs Long-term experimental evolution

I - I - B I N - E—>
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W Nitrite formation rate
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@
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FIEES . @D
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P B o ¢
© e N -
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B (Hd) ATCC 5188 &' > > ], @



Productivity and denitrification functions

a Productivit

Community productivity (OD )

Yo,
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o
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Aa Aa
| AaAaAa Aa Aaha
sk 8
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Nitrite consumption rate (mg L"h")

Aa
3 i
Aab
Aa Aab
| Aa Aa
2 Aa Ab
1 ho i 1
Aa Aa i
Aa H | [ 3
0- \
0 7, 14, 21, 28,

® SDC6 had higher productivity, nitrate consumption rate and
lower nitrite accumulation rate than SDC1 and SDC2

® Nitrate consumption and nitrite production of SDC6 gradually

increased during experimental evolution

(Zhao et al., unpublished)



Q

Log,, (Absolute abundance) (copy mL™)

Abundance changes in individual denitrifiers

—@&— Dvh —@— Pd—&— Ba —¢— Pr—v—Ta Hd

SDC2 c 12- SDC6

N
2
O
@
-
N

—
e

0 7 14 21 28 0 7 14 21 28 0 7 14 21 28

th th st th th th st th th th st

Transfer time Transfer time Transfer time

Compared with SDC1, the abundance of most strains

decreased in SDC2 and SDCG6

(Zhao et al., unpublished)
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Interactions among denitrifiers in SDCs

a b
SDC2 SDC6
A A A .
Positive effect
} — ) Negative effect
Spearman correlation

0.3 0.4

A JAN 0.5 — (.6

* P<005 **x P <0.01

**% P <0.001

Dvh Pd Ba Pr Ta Hd

1 B RRRN.

A A J
‘(\ LN _
E;\ < AR

0 1

Interactions between denitrifiers were both competition and

facilitation, but competition appeared to be dominant.

(Zhao et al., unpublished)
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» SDC1 had the highest rate of

total mutations among SDCs

» The mutation rate increased
with experimental evolution
in SDC6

> A positive correlation was
observed between the
mutation rate and nitrate

consumption



Rates of fixed mutations in SDCs

Fixed mutation compaosition (%)
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What factors drive community function enhancement?

Interaction
Dvh | Pd | Ba

Pr| Ta | Hd

b

Interaction
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£ |
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Goodness of Fit (GOF) = 0.641
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0.702**

Fixed mutation

Community function

Productivity Nitrite formation rate
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Goodness of Fit (GOF) = 0.563

> Dvh Pd | Ba |

0 Pr

Partial least squares path modeling:

» Fixed mutations directly affected
community functions in all SDCs

> Interaction directly affected fixed
mutations and community
functions in SDCG6

(Zhao et al., unpublished)
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Interactions and mutations enhance community functions

s

Richness g Function
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> Denitrifiers interacted (generally by competition, especailly in SDC6), and
increased beneficial fixed mutations (e.g., transporters, DNA repair proteins, and

secretion proteins) , thus enhancing community functions.

(Zhao et al., unpublished)



Outline

Synthetic microbial ecology

Synthetic nitrifying community niche
differentiation and mechanisms

Biodiversity and community function
relationships of synthetic denitrifying
communities

Challenges and perspectives



Challenges

» Microbial resources : specific functional strains for synthetic
community construction

» Genome- and community-level modelling : selection and
optimization of microbial species/strains

» Experimental validation of metabolic modelling
> Microbial interactions and underlying mechansims

» Microbiome engineering and applications in the environment
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Marine synthetic ecology

: _ The RDVEA framework
Synthetic ecology is a new

interdiscipline emerging ecology, biology, Resource |
engineering, and technology to n : m. —
make sustainable ecosystems using natural o “‘"“["“:1 —
strategies and mechanisms, enabling Application S Design
artificial ecosystems to be strong, resilient :;.,b' L &

and adaptable.

® Ecology theories and

Genoms A ]

methods I 2

® Applications of synthetic
communities or ecosystems

(Su et al., unpublished)




From synthetic communities to synthetic ecosystems

MFSE: marine food
web synthetic
ecosystem

GRSE: greenhouse
gas reduction
synthetic ecosystems

CESE: carbon
sequestration
enhancement
synthetic ecosystems

Synthetic ecosystems
MFSE GRSE CESE
t;f = ! h
et Lytic * . 7
- ¥
Necromass ~ RDOC

181
e

Gas sampler

Water sampler

i“”

opH

» Saimity
= Tidal cyeles

" Sadiment sampler

(Su et al., unpublished)




Summary

> Nitrifers’ niche differentiation was determined by their differences in
the substrate affinity, substrate inhibition and growth rate: AOA <
Comammox < AOB for ammonium, and Comammox < NOB for nitrite

» Analysis of SDCs (with a richness of gradient) indicated positive,
dynamic BEF relationships, and high phylogenetic diversity
communities had strong functionality and stability, respectively

» A combination of metabolic modelling and experimental validation
will provide novel insights into biotic interactions and underlying
mechanisms, realizing accurate prediction of ecosystem functions



Thanks!
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