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Biology is full of co<pleTiIes, and the <ore Se learn, the <ore Se realiVe hoS 
<uch re<ains unknoSn. � <a9or debate in <icrobiology is Shether DN� alone 
dictates an organis<’s funcIon or if <etabolis< and energy 0oSs play an eDually 
funda<ental role. This DuesIon is parIcularly relevant for <icrobes in dyna<ic 
environ<ents, Shere survival depends on <etabolic adaptability. 

This thesis focuses on sCa)�$�a04/ �ccu<ulibactert, a key <icroorganis< in 
SasteSater treat<ent that re<oves eTcess phosphorus fro< Sater. These 
bacteria endure feastvfa<ine cycles by storing and uIliVing energy reserves as 
condiIons change. �hile eTtensively studied, <uch re<ains unknoSn about 
their <etabolic strategies and hoS environ<ental factors shape their funcIon. 
This research co<bines co<putaIonal <odels, laboratory culIvaIon, and <ulIv
o<ics analysis to eTplore hoS sCa. �ccu<ulibactert opI<iVes its <etabolis<. 

��hhaapptteerr  11 introduces the central debate: �s DN� the sole blueprint for <icrobial 
funcIon, or do <etabolis< and energy constraints shape <icrobial behaviork �t 
traces the shi2 fro< bioche<ical <odels to geno<evcentric approaches and 
highlights the potenIal of a <etabolis<v.rst perspecIve.  �t also  conteTtualiVes 
sCa. �ccu<ulibactert Sithin eTisIng research, outlining its role in biological 
phosphorus re<oval and su<<ariVing past .ndings. 

��hhaapptteerr  22 invesIgates eTtracellular poly<eric substances {EPS| produced by sCa. 
�ccu<ulibactert, revealing novel glycans and glycoproteins that challenge 
geno<evbased predicIons. These bio<olecules are crucial for bio.l< for<aIon 
and <icrobial interacIons, e<phasiVing the need for direct bioche<ical analysis 
alongside geneIc data. 

��hhaapptteerr  �� uses ele<entary 0uT <ode analysis {EFM�| to <ap the <etabolic 
potenIal of sCa. �ccu<ulibactert. �hile geno<e annotaIons suggest 0eTibility, 
ther<odyna<ic constraints li<it feasible <etabolic strategies, highlighIng the 
role of energy availability in shaping <icrobial funcIon. 

��hhaapptteerr  �� introduces the develop<ent of the �ondiIonal FluT Balance �nalysis 
{cFB�| ToolboT, an openvsource Python fra<eSork for <odeling <etabolis< in 
0uctuaIng environ<ents. Unlike convenIonal <odels that assu<e steadyvstate 
condiIons, cFB� enables dyna<ic predicIons of resource allocaIon over I<e. 

��hhaapptteerr  55 eTplores the i<pact of te<perature on sCa. �ccu<ulibactert 
<etabolis< using cFB�. The .ndings con.r< that bio<ass synthesis is <ainly 
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aerobic but also uncover <etabolic shi2s at loSer te<peratures that in0uence 
phosphorus re<oval e/ciency and <icrobial co<peIIon. 

��hhaapptteerr  �� eTa<ines hoS sCa. �ccu<ulibactert <etaboliVes <ulIple substrates 
si<ultaneously, revealing uneTpected synergies that enhance survival in <icrobial 
co<<uniIes. �o<bining eTperi<ental enrich<ent cultures Sith cFB�, this study 
idenI.es key <etabolic tradevo,s and resource opI<iVaIon strategies. 

Finally, ��hhaapptteerr  �� synthesiVes the thesis .ndings, advocaIng for a shi2 beyond 
geno<evbased interpretaIons toSard a <etabolis<vcentric understanding of 
<icrobial funcIon. �t discusses broader i<plicaIons for <icrobial ecology, 
SasteSater engineering, and <etabolic <odeling, e<phasiVing the need for 
<ulIvo<ics approaches and potenIal applicaIons in syntheIc biology. 

By integraIng eTperi<ental and co<putaIonal approaches, this research 
deepens our understanding of hoS sCa. �ccu<ulibactert thrives in 0uctuaIng 
environ<ents. More broadly, it highlights the i<portance of <etabolis< and 
energy 0oSs in shaping <icrobial funcIon, o,ering insights that eTtend beyond 
SasteSater treat<ent to <icrobial ecology and engineered bioprocesses.�

 0
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�����$�""���0
Biologie is vol co<pleTiteit, en hoe <eer Se leren, hoe <eer Se bese,en hoeveel 
er nog onbekend is. Een belangri9ke discussie in de <icrobiologie is of DN� alleen 
de funcIe van een organis<e bepaalt, of dat <etabolis<e en energiestro<en 
een even funda<entele rol spelen. DeVe vraag is vooral relevant voor <icroben 
in dyna<ische o<gevingen, Saar overleving a-ankeli9k is van <etabole 
aanpassingsver<ogen. 

DeVe thesis richt Vich op sCa)�$�a04/ �ccu<ulibactert, een cruciale <icrov
organis<e in afvalSaterVuivering dat overtollig fosfor uit Sater verSi9dert. DeVe 
bacteri)n doorstaan cycli van overvloed en schaarste door energie op te slaan en 
te benuLen Sanneer de o<standigheden veranderen. �ndanks uitgebreide 
studie bli92 veel onbekend over hun <etabole strategie)n en hoe 
o<gevingsfactoren hun funcIoneren be7nvloeden. Dit onderVoek co<bineert 
co<putaIonele <odellen, laboratoriu<culIvaIe en <ulIvo<ische analyses o< 
te onderVoeken hoe sCa. �ccu<ulibactert Vi9n <etabolis<e opI<aliseert. 

HHooooffddssttuukk  11 introduceert het centrale debat: is DN� het enige bouSplan voor 
<icrobi)le funcIes, of bepalen <etabolis<e en energiebeperkingen het gedrag 
van <icrovorganis<enk Het hoofdstuk schetst de verschuiving van bioche<ische 
<odellen naar genoo<gerichte benaderingen en belicht het potenIeel van een 
<etabolis<egerichte visie. Het ook plaatst sCa. �ccu<ulibactert in de bestaande 
Setenschappeli9ke conteTt, <et een overVicht van Vi9n rol in biologische 
fosforverSi9dering en een sa<envaMng van eerdere bevindingen. 

HHooooffddssttuukk  22 onderVoekt de eTtracellulaire poly<ere sto,en {EPS| die sCa. 
�ccu<ulibactert produceert en onthult nieuSe glycaanv en 
glycoprote7nestructuren die genoo<gebaseerde voorspellingen tegenspreken. 
DeVe bio<oleculen Vi9n essenIeel voor bio.l<vor<ing en <icrobi)le interacIes, 
Sat het belang onderstreept van directe bioche<ische analyse naast geneIsche 
gegevens. 

HHooooffddssttuukk  �� <aakt gebruik van ele<entary 0uT <ode analysis {EFM�| o< het 
<etabole potenIeel van sCa. �ccu<ulibactert in kaart te brengen. HoeSel 
genoo<annotaIes <etabole 0eTibiliteit suggereren, tonen ther<odyna<ische 
beperkingen aan dat slechts een beperkt aantal strategie)n haalbaar is. Dit 
benadrukt de invloed van energiebeperkingen op <icrobi)le funcIes. 

HHooooffddssttuukk  �� introduceert de ontSikkeling van de �ondiIonal FluT Balance 
�nalysis {cFB�| ToolboT, een openvsource Pythonvfra<eSork voor het 
<odelleren van <etabolis<e in 0uctuerende o<gevingen. �n tegenstelling tot 
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viii 

convenIonele <odellen die uitgaan van een steadyvstate, stelt cFB� 
onderVoekers in staat o< dyna<ische voorspellingen te <aken over de verdeling 
van hulpbronnen in de I9d. 

HHooooffddssttuukk  55 onderVoekt de invloed van te<peratuur op het <etabolis<e van 
sCa. �ccu<ulibactert <et behulp van cFB�. De resultaten bevesIgen dat 
bio<assavsynthese voorna<eli9k in aerobe o<standigheden plaatsvindt, <aar 
onthullen ook <etabole verschuivingen bi9 lagere te<peraturen. DeVe 
veranderingen be7nvloeden de e/ci)nIe van fosforverSi9dering en <icrobi)le 
co<peIIe. 

HHooooffddssttuukk  �� bestudeert hoe sCa. �ccu<ulibactert <eerdere substraten 
tegeli9kerI9d <etaboliseert en onthult onverSachte synergi)n die de overleving 
binnen <icrobi)le ge<eenschappen bevorderen. Door eTperi<entele 
verri9kingsculturen te co<bineren <et cFB�, idenI.ceert dit onderVoek 
belangri9ke <etabole afSegingen en strategie)n voor e/ci)nter gebruik van 
hulpbronnen. 

HHooooffddssttuukk  �� vat de bevindingen van deVe thesis sa<en en pleit voor een 
paradig<averschuiving van een genoo<gerichte naar een 
<etabolis<egeori)nteerde benadering van <icrobi)le funcIes. Het hoofdstuk 
bespreekt bredere i<plicaIes voor <icrobi)le ecologie, afvalSatertechnologie 
en <etabole <odellering en benadrukt de noodVaak van <ulIvo<ische 
<ethoden en <ogeli9ke toepassingen binnen de syntheIsche biologie. 

Door eTperi<entele en co<putaIonele <ethoden te integreren, biedt dit 
onderVoek diepgaand inVicht in hoe sCa. �ccu<ulibactert0oreert in Sisselende 
o<gevingen. �n bredere Vin benadrukt het de centrale rol van <etabolis<e en 
energiestro<en bi9 <icrobi)le funcIes en biedt het inVichten die verder reiken 
dan afvalSaterVuivering, <et i<plicaIes voor <icrobi)le ecologie en 
biotechnologische processen. 
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All the images in this chapter were illustrated by Julie Watson to 
make the content more accessible and easier to understand.
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Biology is incredible. �et it can see< frustraIng and co<pleT. Did you ever .nd 
yourself lost in <e<oriVing a sea of <olecule na<es, cell parts and <echanis<sk 
�ou’re not alone. Even Sith the best teachers in the Sorld, understanding 
biological <echanis<s is not easy. There is a reason for this w a reason so 
hu<bling that Se o2en prefer to ignore it. �r acIvely avoid confronIng it. �t’s 
truei Students don’t fully understand biology. Neither do teachers. Not even 
renoSned scienIsts. �n fact, so<eI<es the <ore Se learn, the <ore Se realiVe 
hoS <uch Se don’t knoS. �hy is thatk 

�t�s rooted in the Say Se seek to understand the Sorld around us. �e try to break 
doSn co<pleT things, such as sight, intelligence, and love, into si<pler 
co<ponents. �n doing so, Se search for s<all, si<ple units that, collecIvely, 
e<erge as co<pleT pheno<ena &. ScienIsts refer to these basic units as 
�4)�a(�)0a'� principles or ele<ents. �nce Se idenIfy these �4)�a(�)0a'�
,.$)�$,'�/> Se can understand the root cause for <any co<pleT behaviours in the 
Sorld around us. Si<plei �et not. The proble< is that Shat Se call funda<ental�
0+�a8�is not the sa<e as Shat Se thought Sas funda<ental 8�/0�.�a8, nor Sill it 
be the sa<e 0+(+..+6 '. �ith each neS technological advance, these 
�funda<ental� units are broken doSn into even si<pler co<ponents, revealing 
neSly discovered �funda<ental� ones. Physics and ele<ental parIcles is a .eld 
Shere this change is evident {Figure 1|.  

 

��iigg..rree  CC7 �vo%.tion over t!e �ent.ries o� o.r .nderst�nding o� 0!�t �onstit.tes t!e �.nd�ment�% 
p�rti�%es in t!e .niverse7  

The ato< Sas once thought to be the funda<ental unit of <aLer {the Sord itself 
<eans qindivisible’ in 	reek|. �n the early 20�� century, Se discovered that ato<s 
are actually co<posed of electrons, neutrons and protons wthe funda<ental 
parIcles at that I<e(. �ith the advent of <ore advanced technology, scienIsts 
challenged this noIon by discovering that protons and neutrons are the<selves 
co<posed of even s<aller consItuents called Duarks wthe current funda<ental 
parIcles 0+�a8). �f our technology beco<es advanced enough, the funda<ental 
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consItuents <ight one day be vibraIng strings *. �nd since technology advances 
at a nearveTponenIal rate, the freDuency Sith Shich neS funda<ental principles 
appear is also <uch fasteri 

�o<ing back to <y .rst sentence: biology is incredible. �et, 9ust as in physics, it is 
co<plicated by Shat Se consider to be funda<ental. The current <ainstrea< 
noIon is that DN�, a <olecule capable of carrying infor<aIon, is the root cause 
of life and co<pleT pheno<ena. This perspecIve shapes hoS Se approach 
biology educaIon, hoS 9ournalists and the public discuss, and hoS scienIsts 
conduct research. �n the folloSing pages, � Sill contrast this vieS Sith a di,erent 
perspecIve on Shat is funda<ental to biology. �’ll ai< to shoS that challenging 
this noIon can help us beLer discover and understand biological syste<s. Then 
�’ll apply it to eTplore a uniDue <icrobe that indiscri<inately stores fats, sugars 
and stones. But Se’ll get there. Eventually. 

 

�#������"��(������!(��(���� !"������(������&(
To start, let’s go back to the beginning: the origin of life!. �’< SriIng this in 202�. 
�t should be preLy clear hoS life e<erged by noS, rightk 

Life e<erged in the early stages of our planet. �nside a Sar<, shalloS body of 
Sater, neutral gas <iTtures sparked by lightning led to the for<aIon of organic 
<olecules wa<ino acids, sugars and even nucleoIdes +�,. Eventually, this 
,.$(+.�$a'�/+4, gave rise to <ore co<pleT <olecules {Figure 2: Pri<ordial soup|. 
RN�, a<ong the<, Sith catalyIc poSer, beca<e the .rst catalyst to enable selfv
replicaIon. �ver I<e, RN�’s funcIon Sas replaced by the <ore stable <olecules: 
proteins and DN�, Shich gave rise to life as Se knoS it. �nd thus, life e<erged. 

�r did itk 

Di,erent theories challenge this version of the origin of life. �ne of the <ost likely 
scenarios suggests that life did not e<erge in a ,.$(+.�$a'� /+4,, but in a 
co<pletely di,erent environ<ent: deep inside the ocean, speci.cally at 
hydrother<al vents -. These vents wcracks in the ocean bed fro< Shere heat 
e<anates wprovide an ideal seMng for the che<ical for<aIon of organic 
<olecules containing 2 or <ore carbon ato<s. �n this scenario, selfvasse<bling 
protocells harvesIng the energy fro< hydrother<al vents gave rise to the <ost 
basic che<istry that is central to life. � che<ical, selfvreplicaIng, cycle, the triv
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carboTylic acid cycle {T��!|, capable of synthesis of organic <olecules Sould then 
lead to increasing co<pleTity unIl it reached Shat Se noS consider life {Figure 
2: Hydrother<al vents|.  

 

 

��iigg..rree  DD7 �.nd�ment�%%y di��erent t!eories on t!e origin o� %i�e7 �n t!e %e�t5 t!e t!eory o� t!e 
primordi�% so.p5 in 0!i�! %i�e emerged in t!e �orm o� �omp%e1 biomo%e�.%es t!�t �ormed 0it! t!e 
!e%p o� �� r�di�tion �nd %ig!tning7 ��ientists 0!i�! de�end t!is t!eory !o%d ���5 ��� �nd 
in�orm�tion �s �.nd�ment�% to %i�e7 �n t!e rig!t5 t!e t!eory o� %i�e emerging in !ydrot!erm�% vents 
by t!e se%�<�ssemb%ing met�bo%i� �y�%es po0ered by �ontin.o.s energy em�n�ting �rom t!e e�rt!8s 
�r.st7 ��ientists de�ending t!is t!eory !o%d met�bo%ism �nd energy �%o0s �s �.nd�ment�% to %i�e7  

Does it <aLer Shich theory is correctk For noS, it’s less about deter<ining the 
qright’ or the qSrong’. �t’s about Shat each theory considers �4)�a(�)0a' and hoS 
that a,ects our approach to research. The for<er theory places RN� and DN� w
<olecules that intrinsically carry infor<aIonw at the beginning and centre of life. 
�t suggests that infor<aIon, in the for< of <olecules, ca<e .rst and so<ehoS 
invented <etabolis<. The laLer theory places <etabolis< and the energy 
sustaining it at the centre of life, considering the< to be �4)�a(�)0a' ..  

�n environ<ental <icrobiology, <y current .eld of research, there is a heavy 
e<phasis on collecIng terabytes {tera � a trillion bytes| of data fro< DN� and 
RN� &%, Sith less focus on <etabolic or energeIc consideraIons. �t is co<<on to 
encounter research that concludes: sMicrobe containing 	ene	,� perfor<s 
FuncIon �t or sMicrobe eTpressing high a<ounts of RN�
, has a signi.cant 
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consItuents <ight one day be vibraIng strings *. �nd since technology advances 
at a nearveTponenIal rate, the freDuency Sith Shich neS funda<ental principles 
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�#������"��(������!(��(���� !"������(������&(
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carboTylic acid cycle {T��!|, capable of synthesis of organic <olecules Sould then 
lead to increasing co<pleTity unIl it reached Shat Se noS consider life {Figure 
2: Hydrother<al vents|.  
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enhanced �cIvity �t. These conclusions <ight be correct, but as alSays, the devil 
is in the details. They ($"#0����0.4�m it really depends on the conteTt in Shich the 
<icrobe eTists. This possibility of doubt is not alSays stated. For <e, that is 
troubling. 

Studying <olecules of infor<aIon {DN� and RN�| is so<eI<es the <ost suitable 
<ethod {if not the only one| to categoriVe and try to understand <ost <icrobes 
in this Sorld today &&. The analysis of such <olecules is <uch si<pler than that of 
proteins and <etabolites. HoSever, <icrobiologists need to conteTtualiVe this 
infor<aIon fro< an energeIc and <etabolicvcentric perspecIve. �hat really 
in0uences an organis< to consu<e a given substrate, to <ove in a given Say, to 
divide or to accu<ulate eTcessive a<ounts of <ineralsk DN�vbased analysis <ay 
pave the Say to ansSer these DuesIons, but it is insu/cient to travel through 
these paths. �onversely, Se need an energeIcu<etabolic <indset to travel these 
paths. 

Let us eTplore further this dichoto<y Sith an eTa<ple. 

 

����(!�'�(���(!�������"&+(�!(�"(�	�(� (��� ��"��!(��!��,(
�s a student, you’ve probably looked at cells under a <icroscope. Eukaryotes are 
cute and easy to spot. But bacteriak �t takes a lot of training and paIence to 
convincingly spot bacteria Sith a nor<al <icroscope. 

�t is not an eTaggeraIon to say that bacteria are Iny w<icroscopically s<all {to 
state the obvious|. They are at least 10 I<es s<aller than eukaryoIc cells. There 
<ust be a reason for this, and indeed, there is. But it’s not hidden in DN�. �n the 
contrary, the reason is rooted in energeIc li<itaIons that are independent of 
DN�, yet largely shape DN� content &'�&(. 

�ells reDuire energy, Shich is pri<arily generated at the level of the <e<branes 
&). There is a di,erence in proton {H/| concentraIon {aA&Aa. pH| betSeen the 
inside and the outside of a cell. This di,erence forces H/ to cross through the 
<e<branes Sith such force that it generates energy. The <ore <e<brane space 
a cell has, the <ore energy it can generate. So, Shy then aren’t bacteria <uch 
biggerk Larger cells Sill have <ore <e<brane space {surface area|, Shich <eans 
greater capacity for energy generaIon. HoSever, the cell itself {the volu<e| is 
also larger and Sill de<and <ore energy. �nd the groSth of both surface and 
volu<e isn’t eDual. 
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�onsider a cell in the shape of a cube. The surface of this cube {$A�A� the 
<e<branes| is calculated by <ulIplying the area of each face {T � T � T'| by the 
nu<ber of faces {�|. The volu<e, on the other hand, is calculated by <ulIplying 
the length, Sidth and height {T � T � T � T(|. NoS, if this cell doubles in siVe, the 
surface only groSs at a DuadraIc rate {Shich is to say, the eTponent of T'|, Shile 
the volu<e groSs at a cubic rate {eTponent of T(|. �f you keep doubling the siVe, 
the di,erence betSeen surface and volu<e gets Sider, Sith the volu<e groSing 
faster than the surface. Larger cells are si<ply not feasible because the a<ount 
of energy that a unit of <e<brane needs to generate beco<es unrealisIcally 
high. 

 

��iigg..rree  EE7 �!e energy di%emm� o� big �e%%s7 �!e vo%.me =�> o� � �e%% gro0s ��ster t!�n its s.r���e =�> 
�s s!o0n in t!e �ig.re7 �!is me�ns t!�t bigger �e%%s !�ve %ess membr�nes �v�i%�b%e per vo%.me7 
�e��.se membr�nes gener�te energy5 bigger �e%%s m.st eit!er gener�te more energy per 
membr�nes5 red.�e t!eir energy dem�nds or #.st rem�in sm�%%7  

Because of this physical, geo<etric li<it, bacteria on average are no larger than 
10 �< in dia<eter. Si<plei No DN� involved wat least at the very funda<ental 
aspects. �ctually, having, <aintaining, and using DN� costs energy too. The very 
sa<e reason that <akes bacteria s<all also li<its the a<ount of DN� a cell can 
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sustain. Thus, bacterial geno<es are roughly 5 Mbp in siVe, harbouring no <ore 
than �000 to �000 genes &*. For co<parison, a hu<an cell contains up to �000 
Mbp in their geno<e, harbouring around 25 000 genes &+. That’s nearly 500 I<es 
biggeri HoSk Because Se {eukaryotes| harbour �)�."8�"�)�.a1)"�/'a5�/ Sithin 
our cells called <itochondria, so Se don’t depend on our surface for energy 
generaIon. But that’s a co<plicated story Se Son’t deal Sith here.  

�n the folloSing secIon, � Sill dig deeper into a type of environ<ent Shere energy 
0oSs are also crucial in shaping bacterial funcIon. This is Shere the environ<ent 
of the uniDue <icrobe � <enIoned at the very beginning. The one that 
indiscri<inately stores fats, sugars and stones. 

 

��"� ��""��"( ��!"���+( ��%( ���"� ��( ����"( "�( !#����(
�� ���!(��(!"� $�"���(
�l<ost every environ<ent on this planet is dyna<ic. �e eTperience <onthly 
changes in Seather as the Earth orbits the Sun and daily shi2s in light as the 
planet rotates. �e sleep, Sake up, eat, get hungry, and eTercise. �e are never 
truly staIc. The sa<e applies to <icroorganis<s, eTcept perhaps in the controlled 
con.nes of highvtech labs &,. Take oceans as an eTa<ple. Sunlight sI<ulates 
phototrophic groSth near the surface, te<porarily increasing oTygen levels. �t 
night, this process reverses, and the detritus fro< dayI<e groSth descends, 
nourishing deeper layers of the ocean. �ver <illions of years, life has evolved 
countless strategies to not 9ust survive, but to eTploit these recurring cycles &-. 

�n SasteSater treat<ent plants, engineers <i<ic these cyclic environ<ents, 
forcing bacteria to adopt a re<arkable survival strategy. First, bacteria enter a 
tank Sith abundant food but Sith no oTygen {$A�A�anaerobic feast|. �2er a feS 
hours, oTygen is in9ected into these tanks, though food is no longer abundant {$A�A�
aerobic fa<ine|. Bacteria are then cycled through this process repeatedly. This 
anaerobic feast, aerobic fa<ine cycling is ingenious, as it forces bacteria to 
e<ploy a survival strategy that cleans our Sater by re<oving organic carbon and 
phosphates wtSo of the <ain conta<inants &.. This survival strategy is truly 
re<arkable and is Sorth eTploring in detail. 

Previously � <enIoned that bacteria generate energy by <eans of a pH di,erence 
across their cell <e<branes. This pH di,erence doesn’t appear out of thin airm it’s 
established through a process that, paradoTically, reDuires energyxspeci.cally, a 
type of energy that cannot be directly used for survival: co<busIon. �es, like .re. 
ETactly the sa<e.  
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During a .re, oTygen strips electrons fro< co<pounds in a process knoSn as 
oTidaIon. �ou <ay have painfully felt this Shen bloSing air too close to a .re!. � 
si<ilar process occurs in all living cells, but instead of indiscri<inately generaIng 
heat, cells use a controlled <achinery to seDuenIally strip electrons fro< food 
and pass the< to oTygen at the <e<brane. The energy released is carefully 
channelled into <aintaining the pH di,erence betSeen the inside and outside of 
the cell. This pH di,erence, in turn, poSers energy generaIon that cells can use 
&). 

NoS, let’s return to our cyclic environ<entxthis anaerobicvfeast, aerobicvfa<ine 
regi<e. � keen observer <ight spot a dile<<a: if bacteria are separated fro< 
oTygen Shile consu<ing food, hoS do they conInue generaIng energyk �ell, 
they have a feS opIons. 

1.� RReessiisstt  tthhee  uurrggee  ttoo  eeaatt:: So<e bacteria paIently Sait unIl oTygen is 
reintroduced before consu<ing their food as nor<al. This strategy, o2en 
used by heterotrophic bacteria, is the <ost energyve/cient in ter<s of 
yield. HoSever, it is vulnerable to co<peIIon fro< bacteria that sacri.ce 
this yield to consu<e food anaerobically, leaving very liLle behind. 

2.� ��oonnssuu<<ee  ffoooodd  aannaaeerroobbiiccaallllyy: �n the absence of oTygen, bacteria can use 
alternaIve <olecules to accept electrons, generaIng energy. HoSever, 
these <olecules are not called +78"�)A These subsItutes are less e/cient 
than oTygen, resulIng in <uch sloSer groSth {a painfully sloS process 
for lab researchers|. 

�.� TThhee  bbeesstt  ooff  bbootthh  SSoorrllddss::  The <ost e,ecIve strategy is a co<pro<ise. 
Bacteria consu<e as <uch food as possible during the anaerobic feast 
but refrain fro< stripping aSay its electrons. �nstead, they store the food 
as fats, paIently SaiIng for oTygen to arrive. �hen oTygen beco<es 
available, they use it to burn the stored fats, e/ciently generaIng energy. 
�oil�xan elegant balance betSeen speed and e/ciency. 

The laLer strategy is the best .t for these cyclic environ<ents. Many bacteria can 
e<ploy this trick, but one type in parIcular stands out: the Polyphosphate 
�ccu<ulaIng �rganis<s {P��s"|. �s its na<e suggests, they are eTpert 
accu<ulators, not 9ust of polyphosphate but of other poly<ers too. These 
organis<s accu<ulates fats, sugars and polyphosphates w poly<ers that look like 
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+-1��*')�*=D�3&�'1�!���2M��'13=F�
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�oil�xan elegant balance betSeen speed and e/ciency. 
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���&'2�&�//�,2���*-3��91',%�����1��09�F��3�*��23�!-1�3&-2��3&�3��,(-=�%�7,%�3&�'1�&�,�2�L-1�
+-1��*')�*=D�3&�'1�!���2M��'13=F�
�����2F��91�*=�3&��+-23�92������1�:'�4-,�-!�3&'2�3&�2'2F��=�&-;�+9�&�+-1��3&�,����C�
�*����=-91���32B�
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huge stonesi The folloSing pages Sill eTplore hoS this uniDue group bene.ts 
fro< overaccu<ulaIon and hoS this a,ects their physiology.  

 

��
!+(��!"� (��(��"!*(!#�� !(���(!"���!(
P��s thrive in the cyclic environ<ents i<posed during SasteSater treat<ent 
plants, speci.cally during Enhanced Biological Phosphorous Re<oval {EBPR| &.. 
This process consists of repeIIve anaerobicvfeast, aerobicvfa<ine regi<es that 
alloS P��s to accu<ulate eTcessive a<ounts of polyphosphate inside their cells 
and, this Say, to clean our Sater {see Figure � for a sche<aIc of a typical cycle of 
P��s|. They are crucial to EBPR and decades of research have been devoted to 
culIvaIng the<, disturbing the<, breaking the< apart to <easure their pieces, 
and <uch <ore. �e understand a great deal of these organis<s, yet Se sIll don’t 
grasp Shat <akes P��s accu<ulate so <uch inside their cells.  

 

��iigg..rree  FF7 � typi��% �y�%e o� P��s in ��P� systems7 In t!is s�!em�ti�5 t!e dyn�mi� �!�nges o� 
e1tr��e%%.%�r �nd intr��e%%.%�r �omponents t!�t � typi��% P�� �e%% e1perien�es d.ring �n ��P� �y�%e 
�re represented7 
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To help understand P��s, Se Sill look deeper into the history since their 
discovery. � <ake the argu<ent that this history should be seen as <arked by 
�,+�#/A� Each characteriVed by their discoverers: prag<aIc engineers, 
<icrobiologists and process engineers, and .nally <olecular biologists. �2er this 
�hapter, you can .nd an i<age and a table represenIng a I<eline of the <ost 
i<portant discoveries <ade in the research of P��s since their discovery {See the 
neTt secIon|.  

Pra ma-� en ineers ?DJGJ > DJHF@ 
The .rst report of eTcess phosphate being re<oved by /'4�"��fro< SasteSater 
Sas in 1�5� as part of a proble<: rice plants suspended on the e1uent Sater 
greS <any big leaves but very liLle rice grains because the e1uent contained 
eTcess nitrogen but Seirdly not eTcess phosphorus '%. The decade that folloSed 
Sas the baLleground of <inds trying to prove or disprove the biological root of 
this re<oval '&�'', the physical condiIons reDuired to enhance the re<oval '( and, 
.nally in 1���, the establish<ent of a technology that can e,ecIvely re<ove 
phosphorus by <eans of bacterial polyphosphate accu<ulaIon ').  

�i�ro�iolo ists an� )ro�ess en ineers ?DJHF > DJJI@ 
ToSards the end of the 1��0s it beca<e apparent that engineers reDuired a 
deeper understanding of the biology underlying phosphorus re<oval to enable 
syste< opI<iVaIon. Thus, process engineers Sorked together Sith 
<icrobiologists to understand the <echanis<s resulIng in phosphorus re<oval. 
By 1��� a descripIve bioche<ical <odel for the <etabolis< of P��s had been 
established '*�'+. Not only Sas the syste< DualitaIvely described, but great steps 
toSards DuanItaIve <odels to eTplain the bioche<ical changes in the anaerobic 
or in the aerobic period of EBPR Sere also <ade ',�'-. These DuanItaIve <odels 
are sIll used today Shen describing the bioche<istry of P��s enrich<ents. 

Mark van Loosdrecht re0ected on this period in 1���: 

D
0�($"#0�����+)/$��.���.�(a.&a�'��0#a0�0#���$+�#�($�a'�(+��'�6a/���5�'+,���
�8��)"$)��./>��40�a''�#a��,�./+)a'��+)0a�0/�6$0#�+.�&)+6'��"��+��0#��

($�.+�$+'+"$�a'�.�/�a.�#���'�A��+//$�'8��)"$)��./�6�.��'�//�#a(,�.����8�a�
0.a�$1+)a'��$+�#�($�a'�a)��($�.+�$a'�a,,.+a�#�a)���+4'��0#�.��+.��(+.���a/$'8�

�+(��4,�6$0#�)�6��+)��,0/�$)�($�.+�$a'���+,#8/$+'+"8�JBKE����

�t the end of the �0s, the process Sas Sell described and i<ple<ented e,ecIvely 
SorldSide. SIll, so<e bioche<ical details Sere sIll unclear such as the source of 
energy and reducing potenIal {�TP and N�DH respecIvely| for the accu<ulaIon 
of fats '*, the varying stoichio<etry observed across di,erent treat<ent plants 
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and labs ',, the actual bioche<ical operaIon for glycogen degradaIon '.�(%, 
a<ongst others. 

The co<pleTity of <etabolic netSorks, Shich can have a large nu<ber of possible 
soluIons, together Sith li<ited co<putaIonal tools of the I<e Sas partly 
responsible for ha<pering this progress. But in the late 1��0s, a revoluIon Sas 
underSayxthe seDuencing of the hu<an geno<exthat Sould transfor< 
biology and P�� research Ill the present day. 

�ole�0lar �iolo ists ?DJJJ > )resent �ay@ 
�t the end of the �0s and beginning of the 2000s, researchers started 
i<ple<enIng <olecular techniDues to characteriVe the bacterial co<<unity 
behind the u<brella ter< P��s. For eTa<ple, sCa)�$�a04/� �ccu<ulibacter 
phosphaIst Sas proposed as the <ain responsible P�� in 1��� (&, and several 
studies folloSed the eTploraIon of this novel species ('�((. 

�n 200�, MarJn, et al. () publish the .rst <etageno<ic study of sCa)�$�a04/�
�ccu<ulibacter phosphaIst, paving the ground for an eTtensive .eld of 
<etageno<ics in SasteSater research. �n their research they noted that genes 
for EntnervDoudoro, {ED| glycolysis Sere not present in this speciesm that the 
operaIon of a split T�� cycle could eTplain di,erent stoichio<etries observed 
over the yearsm and that genes related to carbon .TaIon <ight indicate potenIal 
autotrophic behaviour.� These .ndings rede.ned hoS researchers understood 
P�� physiology and paved the Say for an era do<inated by <etageno<ics and 
<olecular techniDues. 

Since then, the .eld has focused heavily on characteriVing P�� geneIcs. For 
instance, researchers idenI.ed that tSo <ain variants of the gene ,,&N diverged 
early in the evoluIon of sCaA��ccu<ulibactert and could be used to disInguish 
betSeen groups called clades ('�(*. HoSever, such a separaIon shoSed to be 
confusing in the folloSing decades since <any funcIons shoSed to be rando<ly 
distributed a<ongst clades(+�(-. To solve this issue, it beca<e co<<on pracIce 
to publish the <etageno<e of the speci.c species associated to funcIonal 
observaIons (.�)%. Finally in 2022, Petriglieri, et al. )& perfor<ed a syste<aIc rev
evaluaIon of the phylogeny of sCaA��ccu<ulibactert and today over 20 species 
of sCaA��ccu<ulibactert are recogniVed!. 

 

���9'3���1�>=�3-�)��/�9/�;'3&F��-1��<�+/*�D�'!�;��,�+��2-+��-!�3&��2/��'�2�L�*/&���4��**=MD�
;�� &�:�E� ��
����	������� ���������� ���������� ������� ����������� ��	������� ���������
����	������
����������+-,%23�+�,=�-3&�12F�����'�,H3��:�,�1���&��
���
����=�3B��
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���9'3���1�>=�3-�)��/�9/�;'3&F��-1��<�+/*�D�'!�;��,�+��2-+��-!�3&��2/��'�2�L�*/&���4��**=MD�
;�� &�:�E� ��
����	������� ���������� ���������� ������� ����������� ��	������� ���������
����	������
����������+-,%23�+�,=�-3&�12F�����'�,H3��:�,�1���&��
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Regarding the current statevofvart in P��s research, one cannot overlook the 
i<portance of the publicaIon of the .rst <etageno<e of sCaA��ccu<ulibacter 
phosphaIst(). �t Sas truly transfor<aIve for the .eld of P��s research. This is 
the branching point at Shich <ost research <oved to focus al<ost eTclusively on 
<olecular techniDues and see<ed to have forgoLen bioche<istry and syste<s 
biology!. This not only happened in P��s, but in al<ost every research .eld in the 
Sorld. This Sas eloDuently captured by Sydney Brenner in 1��5 in a leLer to 
C4..�)0� �$+'+"8, Shere he addressed the {then| challenges of understanding 
biology Shen too <uch e<phasis is placed on geneIcs: 

D�#��+)'8�6a8�+40�$/�0#.+4"#��$+�#�($/0.8�+��+)��&$)��+.�a)+0#�.A�
)�NUUM>�
�
(a���0#��.�(a.&�0#a0��$+�#�($/0.8�a)���+((4)$/(�/��(���0+�#a5��

�$/a,,�a.���$)�0#a0�8�a.A��+/0�,�+,'��0#+4"#0�
�/a$��0#$/�6$0#�"'��>��40�$)��a�0�$0�
6a/�6$0#�.�".�0>�a0�'�a/0��+.��$+�#�($/0.8A��

JBK�6#a0�6��)+6�)����0+��+�$/�$)0�".a15���$+'+"8?�0#a0�6��a.��5�.8�"++��a0�
6+.&$)"�+40�#+6�/$(,'��/8/0�(/�6$0#���6��+(,+)�)0/�6+.&��40�5�.8��a��a0�

,43)"�0#��,a.0/�+��(4'1�+(,+)�)0�/8/0�(/�0+"�0#�.AE����

�t’s sobering to realiVe that al<ost �0 years later, this state<ent re<ains 9ust as 
relevant. �n the case of P��s, the need for integraIve biology approaches is <ore 
criIcal than ever to unravel the co<pleTiIes of these <arvellous organis<s. To 
get the knoSledge Se have gathered fro< our geneIcs approach and apply it 
Sith a <etabolic and energeIcs <indset. To use syste<s biology approaches to 
ansSer so<e of the DuesIons that have been buried under <ountains of data.  

 

���!(���(!����(��("��!("��!�!(
�n this thesis, � ai<ed at deepening our understanding of hoS bacteria thrive in 
feastvfa<ine cycles Sith a <indset of integraIve biology. Speci.cally, using sCaA�
�ccu<ulibactert as a <odel organis< of P��s, � ai<ed to ansSer so<e of the 
knoSledge gaps that li<it our ability to obtain a syste<svbiology level 
understanding of <icrobial co<<uniIes living in EBPR syste<s.  Speci.cally, � 
aLe<pted to shed light on the folloSing knoSledge gaps that eTist in the .eld: 

 

���-,H3�*�3�+���-,:',���=-9F�
�:����*--)��3�3&��4+�*',��/*-3�-!����2�&'23-1=�',�3&��,�<3�
2��4-,F��&�1��=-9�+'%&3�%�3��,�'����-!�&-;�231-,%�3&��!-�92�-,�+-*��9*�1��'-*-%=�&�2�
���,�',�3&��*�23�SQ�=��12F�
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v� The eTtent to Shich "�)�1�� $)�+.(a1+)� a)�� �$+$)�+.(a1�/� 0++'/� �a)�
,.��$�15�� 0#�� ,#8/$+'+"8� +�� ���/A��ith the advent of rich geno<ic data, 
aLe<pts at predicIng co<pleT physiological structures and behaviours are 
being <ade. �n ��hhaapptteerr  22 Se studied eTtracellular poly<eric substances 
{EPS| of P��s to underscore hoS li<ited and inconclusive the use of geno<ic 
data alone can be. 

 
v� 	eno<evbased <etabolic <odels are used to perfor< si<ulaIons in Shich 

o2en �$.��1+)�a)�� .�5�./$�$'$08�+�� .�a�1+)/� $/�,.�G���)��. LiLle e,ort has 
been <ade to apply syste<aIc analysis to these <odels and to li<it their 
soluIons to given environ<ental condiIons. ��hhaapptteerr  �� eTplores a <etabolic 
<odel based on geno<ic data of DCaA��ccu<ulibactert and highlights the 
diversity and co<pleTity of netSork soluIons. Further it eTplores the use of 
ther<odyna<ic calculaIons in idenIfying feasible soluIons Sithin a given 
environ<ental conteTt. 

 
v� Modelling fra<eSorks that alloS for the predicIon of co<pleT <etabolic 

strategies in cyclic environ<ents Sith resource allocaIon a.���+(,'�7>�'a�&�
�'�a.� �+�4(�)0a1+)� a)�� a.�� )+0� a5a$'a�'�� +)� +,�)Ga���//� /+!6a.�. This 
li<its the applicaIon of syste<s biology on organis<s living in dyna<ic cycles 
such as P��s. ��hhaapptteerr  �� describes the develop<ent of an openvsource 
Python toolboT to research opI<al <etabolic strategies under cyclic 
condiIons.  

 
v� Resource allocaIon theory has been applied to <any <icroorganis<s to 

enable beLer understanding of their <etabolis<. HoSever, liLle e,ort has 
been done in sloS groSing organis<s such as P��s. Further<ore, the 
conseDuences of a historical assu<pIon that biosynthesis is restricted to 
aerobic phases has not been tested. �n ��hhaapptteerr  55 Se applied the <odelling 
toolboT fro< ��hhaapptteerr  � to eTplore the conseDuences of te<poral separaIon 
of biosynthesis in sCaA� �ccu<ulibactert and eTplore the <etabolic 
conseDuences of this separaIon. This Sas possible thanks to the 
i<ple<entaIon of te<perature as an eTternal variable a,ecIng 0uTes, Shich 
inevitably leads to Ighter control on resource use at loSer te<peratures. 

 
v� The <etabolic <echanis<s of s�a. �ccu<ulibactert under <iTed substrate 

condiIons re<ain poorly understood, Sith <ost studies focusing on single 
substrates. �hile so<e reports have idenI.ed potenIal synergies in cov
substrate uptake, the speci.c <etabolic interacIons and their i<plicaIons 
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for resource use and EBPR opI<iVaIon have not been fully elucidated. 
��hhaapptteerr  ��  idenI.es hidden synergeIc interacIons betSeen <etabolic <odel 
operaIons by <eans of co<bining eTperi<ental tests on highly enriched 
P��s cultures Sith <etabolic <odelling predicIons. 

 

Finally � integrate all these .ndings in ��hhaapptteerr  �� and give <y personal outlook 
into the research .eld. 
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Finally � integrate all these .ndings in ��hhaapptteerr  �� and give <y personal outlook 
into the research .eld. 
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�nim�ted i�ons denote t!e prim�ry �o�.s o� t!e rese�r�! d.ring e��! period: engineers5 
mi�robio%ogists5 mo%e�.%�r bio%ogists5 �nd systems bio%ogists7 Corresponding re�eren�es �re det�i%ed 
in ��b%e C �t t!e end o� t!e introd.�tion se�tion7 

The historic I<eline depicted in Figure 1 shoSs the evoluIon over the years in 
the research of P��s, starIng Sith the very .rst descripIon of phosphate 
re<oved by acIvated sludge. To put e<phasis on the research type being 
perfor<ed, and especially on the popularity of research approaches over the 
years, an illustraIon Sas placed neTt to each node represenIng a scienIst type 
{Figure 2 describes these types|. 

 

��iigg..rree  DD7 �ype o� rese�r�!er �nd �ppro��! in t!e st.dy o� P��s7 ���! type is m�t�!ed 0it! t!e 
dis�overies in t!e !istori��% time%ine �rom �ig.re C7 

 

�nd .nally, a notvsovbrief su<<ary of all the references fro< the I<eline {Table 
1|. Hopefully, this serves as a handy P�� starter guide for curious young scienIstsi 
�t’s easy to get lost and overShel<ed in the giganIc Sorld of publicaIons. 

����bb%%ee  CC7 �.mm�ry o� �%% t!e gre�test dis�overies in t!e !istory o� P�� rese�r�!7 �!e n.mber o� e��! 
re�eren�e �%igns 0it! t!e re�eren�e in t!e �ig.re C7  

�ear Discovery 
1�5� Srinath, et al. & observed that rice plants groSn in acIvated sludge 

tanks eThibited eTcessive vegetaIve groSth but poor grain 
for<aIon, indicaIng phosphorus re<oval in the tanks. 

1��5 Levin and Shapiro ' idenI.ed that phosphate uptake in treat<ent 
plants is biological, describing it as �luTury� uptake not linked to 
groSth, and proposed designs for phosphate re<oval. 
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1��0 Menar and Jenkins ( concluded that phosphate re<oval is a che<ical 
process rather than a biological one. 

1��� Barnard ) provided the .rst engineeringvfocused descripIon of the 
enhanced biological phosphorus re<oval {EBPR| process, discussing 
<ass balances and operaIonal condiIons. 

1��5 Nichols * tested Barnard�s designs and found that anaerobic Vones 
near the feed of plug 0oS reactors enhance phosphorus re<oval. 

1��5 Fuhs and �hen + �solated ��$)�0+�a�0�. species and de<onstrated 
their ability to accu<ulate polyphosphate, though the eTact 
bioche<ical <echanis<s Sere unclear. 

1��0 Deine<a, et al. , found that EBPR sludge, do<inated by 
��$)�0+�a�0�., accu<ulates polyphosphates and stores 
polyhydroTyalkanoates {PH�s|, <ainly polyhydroTybutyrate {PHB|. 

1��� �o<eau, et al. - described the stoichio<etry and kineIcs of bacteria 
involved in phosphate re<oval, suggesIng roles for polyphosphate 
and PHB in energy storage and substrate uIliVaIon. 

1��� �entVel, et al. . proposed a <etabolic <odel for ��$)�0+�a�0�., 
believed to be the <ain P��s, highlighIng the glyoTylate cycle�s role 
in supplying inter<ediates to the T�� cycle. 

1��� Mino, et al. &% eTperi<entally tested and validated that anaerobic 
glycogen degradaIon is involved in P��s transfor<aIons.  

1��� S<olders, et al. && and S<olders, et al. &' developed the .rst 
DuanItaIve <etabolic <odels eTplaining the <etabolis< of P��s 
during EBPR. 

1��� Maurer, et al. &( used labelled eTperi<ents to shoS that glycogen is 
potenIally degraded via the EntnervDuodoro, {ED| pathSay. 

1��� Hessel<ann, et al. &) idenI.ed sCa)�$�a04/� �ccu<ulibacter 
phosphaIst as the <ain bacteriu< responsible for phosphorus 
re<oval in EBPR. 

2000 Hessel<ann, et al. &* provided addiIonal evidence that glycogen is 
degraded via the ED pathSay Sith labelled substrate. 

2002 McMahon, et al. &+ cloned and seDuenced polyphosphate 
<etabolis< genes {ppk1 and ppk2| fro< �Ca. �ccu<ulibacter,� 
con.r<ing their role in polyP synthesis 

2002 �roceM, et al. &, discovered 	��s as co<peItors to P��s, Sith 
si<ilar <etabolic behaviors but negaIve e,ects on phosphorus 
re<oval. 

200� 
ong, et al. &- used M�RvF�SH <icroscopy to link phosphate and 
acetate uptake acIviIes to ��a. �ccu<ulibacter.� 

200� �enter, et al. &. shoSed that <etageno<es can be obtained fro< 
environ<ental sa<ples. 
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during EBPR. 

1��� Maurer, et al. &( used labelled eTperi<ents to shoS that glycogen is 
potenIally degraded via the EntnervDuodoro, {ED| pathSay. 

1��� Hessel<ann, et al. &) idenI.ed sCa)�$�a04/� �ccu<ulibacter 
phosphaIst as the <ain bacteriu< responsible for phosphorus 
re<oval in EBPR. 

2000 Hessel<ann, et al. &* provided addiIonal evidence that glycogen is 
degraded via the ED pathSay Sith labelled substrate. 

2002 McMahon, et al. &+ cloned and seDuenced polyphosphate 
<etabolis< genes {ppk1 and ppk2| fro< �Ca. �ccu<ulibacter,� 
con.r<ing their role in polyP synthesis 

2002 �roceM, et al. &, discovered 	��s as co<peItors to P��s, Sith 
si<ilar <etabolic behaviors but negaIve e,ects on phosphorus 
re<oval. 

200� 
ong, et al. &- used M�RvF�SH <icroscopy to link phosphate and 
acetate uptake acIviIes to ��a. �ccu<ulibacter.� 

200� �enter, et al. &. shoSed that <etageno<es can be obtained fro< 
environ<ental sa<ples. 
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200� Tyson, et al. '% provided DuanItaIve insights into <icrobial 
co<<uniIes based on <etageno<ic data. 

2005 
ong, et al. '& revealed that gra<vposiIve �cInobacteria, related to 
Tetrasphaera, also parIcipate in phosphorus cycling in EBPR. 

200� �eh<en, et al. '' further test 	��s in EBPR syste<s and describe 
detailed <etabolic operaIons Sith propionate. 

200� MarJn, et al. '( published the .rst <etageno<ic study on P��s, 
resolving controversies in EBPR <odels and proposing neS <etabolic 
pathSays. 

200� He, et al. ') used the ppk1 gene as a <arker to separate �Ca. 
�ccu<ulibacter� into disInct clades 

200� �arvalho, et al. '* provided evidence of di,erent sCaA�
�ccu<ulibactert <orphotypes {rods and cocci| that <ight indicate 
varying <etabolic capabiliIes, including denitri.caIon. 

200� �il<es, et al. '+ conducted the .rst <etavproteo<ics study of P��s, 
linking idenI.ed proteins to EBPR processes using <etageno<ic 
seDuences. 

200� �il<es, et al. ', perfor<ed highvresoluIon <etaproteo<ics 
co<bined Sith a <etageno<ic database, revealing strain di,erences 
a<ong sCaA��ccu<ulibactert <e<bers. 

200� FloSers, et al. '- shoSed that di,erent sCaA��ccu<ulibactert clades 
have varying denitri.caIon abiliIes, Sith clade �� capable of using 
nitrate as an electron acceptor. 

200� �eTler, et al. '. studied protein dyna<ics in EBPR cycles, con.r<ing 
glycolysis through the EMP pathSay and noIng protein carryvover 
betSeen anaerobic and aerobic phases. 

200� LopeVv�aVDueV, et al. (% developed a kineIc <odel to idenIfy 
condiIons Shere P��s outco<pete 	��s, calibraIng para<eters to 
.t eTperi<ental results. 

2010 Nielsen, et al. (& called for i<proved DuanItaIve <odels that 
integrate ecological and <etabolic principles for beLer 
understanding of EBPR co<<uniIes. 

2010 �eh<en, et al. (' shoScase ecological principles in the incorporaIon 
of <icrobial <etabolic <odels of P��s and 	��s in EBPR. 

2010 He, et al. (( perfor<ed the .rst <etatranscripto<ics analysis of P��s, 
highlighIng gene eTpression paLerns betSeen anaerobic and 
aerobic stages. 

2011 He and McMahon () used transcripto<ic analysis Sith RTvDP�R to 
shoS dyna<ic gene eTpression changes during EBPR cycles, 
responding to acetate, oTygen, and phosphate levels. 
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2011 Nguyen, et al. (* de<onstrated that EBPR syste<s include other key 
<icrobial players, such as the diverse ��0.a/,#a�.a group, beyond 
���4(4'$�a�0�.. 

2012 �cevedo, et al. (+ de<onstrated <etabolic 0eTibility in ��a. 
�ccu<ulibacter,� shoSing varying stoichio<etries Sith polyP and 
glycogen and resulIng changes in clade co<posiIon. 

2012 �lbertsen, et al. (, perfor<ed a DuanItaIve <etageno<ic study of a 
fullvscale EBPR syste<, highlighIng the lack of reference geno<es 
and shoSing loS abundance of ��a. �ccu<ulibacter� in fullvscale 
syste<s. 

201� 
risIansen, et al. (- developed the .rst <etabolic <odel for 
��0.a/,#a�.a in EBPR using <etageno<ics data. 

201� FloSers, et al. (. retrieved the M�	 of a neS clade of ��a. 
�ccu<ulibacter,� shoSing that clades Sith high 1�S rRN� seDuence 
si<ilarity can have disInct geno<ic and funcIonal potenIals. 

201� Mc�lroy, et al. )% retrieved tSo M�	s for sCaA��o<peIbactert {	��s| 
and eTplored geno<ic di,erences underlying their disInct funcIons. 

201� Mao, et al. )& conducted the .rst study co<bining <etageno<ics and 
<etatranscripto<ics for P�� enrich<ent but Sith li<ited biological 
insights. 

201� Lanha<, et al. )' developed a �blackvboT� para<eteriVed kineIc 
<odel to eTplain eTperi<ental data on P��s and 	��s in fullvscale 
treat<ent plants. 

2015 Nguyen, et al. )( shoSed intracellular glycine accu<ulaIon in P�� 
enrich<ents do<inated by ��0.a/,#a�.a. 

2015 Skennerton, et al. )) published eight neS M�	s for ��a. 
�ccu<ulibacter,� idenIfying panvgeno<es, variable geno<es, and 
di,erences in <etabolic potenIal for electron acceptors. 

2015 Mao, et al. )* conducted a global study on the abundance and 
diversity of �Ca. �ccu<ulibacter� clades in ��TPs, highlighIng their 
diversity and prevalence SorldSide. 

2015 �elles, et al. )+ eTperi<entally shoSed that P��s use polyphosphate 
and glycogen as redundant �TP sources and revealed physiological 
di,erences betSeen �Ca. �ccu<ulibacter� clades. 

201� Barr, et al. ), de<onstrated that <etaproteo<ics aligns beLer Sith 
F�SH results than <etageno<ics for DuanIfying �Ca. �ccu<ulibacter� 
and highlighted proteo<ic di,erences in granular vs. 0occular sludge. 

201� �yser<an, et al. )- idenI.ed dyna<ic te<poral changes in the 
transcripto<e of �Ca. �ccu<ulibacter� during EBPR cycles, revealing 
novel <etabolic routes such as hydrogen producIon and glycine 
consu<pIon. 
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2011 Nguyen, et al. (* de<onstrated that EBPR syste<s include other key 
<icrobial players, such as the diverse ��0.a/,#a�.a group, beyond 
���4(4'$�a�0�.. 

2012 �cevedo, et al. (+ de<onstrated <etabolic 0eTibility in ��a. 
�ccu<ulibacter,� shoSing varying stoichio<etries Sith polyP and 
glycogen and resulIng changes in clade co<posiIon. 

2012 �lbertsen, et al. (, perfor<ed a DuanItaIve <etageno<ic study of a 
fullvscale EBPR syste<, highlighIng the lack of reference geno<es 
and shoSing loS abundance of ��a. �ccu<ulibacter� in fullvscale 
syste<s. 

201� 
risIansen, et al. (- developed the .rst <etabolic <odel for 
��0.a/,#a�.a in EBPR using <etageno<ics data. 

201� FloSers, et al. (. retrieved the M�	 of a neS clade of ��a. 
�ccu<ulibacter,� shoSing that clades Sith high 1�S rRN� seDuence 
si<ilarity can have disInct geno<ic and funcIonal potenIals. 

201� Mc�lroy, et al. )% retrieved tSo M�	s for sCaA��o<peIbactert {	��s| 
and eTplored geno<ic di,erences underlying their disInct funcIons. 

201� Mao, et al. )& conducted the .rst study co<bining <etageno<ics and 
<etatranscripto<ics for P�� enrich<ent but Sith li<ited biological 
insights. 

201� Lanha<, et al. )' developed a �blackvboT� para<eteriVed kineIc 
<odel to eTplain eTperi<ental data on P��s and 	��s in fullvscale 
treat<ent plants. 

2015 Nguyen, et al. )( shoSed intracellular glycine accu<ulaIon in P�� 
enrich<ents do<inated by ��0.a/,#a�.a. 

2015 Skennerton, et al. )) published eight neS M�	s for ��a. 
�ccu<ulibacter,� idenIfying panvgeno<es, variable geno<es, and 
di,erences in <etabolic potenIal for electron acceptors. 

2015 Mao, et al. )* conducted a global study on the abundance and 
diversity of �Ca. �ccu<ulibacter� clades in ��TPs, highlighIng their 
diversity and prevalence SorldSide. 

2015 �elles, et al. )+ eTperi<entally shoSed that P��s use polyphosphate 
and glycogen as redundant �TP sources and revealed physiological 
di,erences betSeen �Ca. �ccu<ulibacter� clades. 

201� Barr, et al. ), de<onstrated that <etaproteo<ics aligns beLer Sith 
F�SH results than <etageno<ics for DuanIfying �Ca. �ccu<ulibacter� 
and highlighted proteo<ic di,erences in granular vs. 0occular sludge. 

201� �yser<an, et al. )- idenI.ed dyna<ic te<poral changes in the 
transcripto<e of �Ca. �ccu<ulibacter� during EBPR cycles, revealing 
novel <etabolic routes such as hydrogen producIon and glycine 
consu<pIon. 



24

3

2

1

4

5

6

7

3

2

1

4

5

6

7

 

23 
 

201� LaS, et al. ). used <olecular techniDues to track �Ca. �ccu<ulibacter� 
dyna<ics in fullvscale ��TPs at high te<peratures, shoSing 	�� 
co<peIIon is less severe than previously thought. 

201� �lbertsen, et al. *% idenI.ed �CaA Propionivibrio� as a 	�� closely 
related to ��a. �ccu<ulibacter,� o2en <isidenI.ed as P��s due to 
probe overlap. 

201� Stokhol<vB9erregaard, et al. *& surveyed 1� Danish EBPR plants over 
� years and found ��0.a/,#a�.a to be the <ost abundant P�� and 
�$�.+,.4$)a the <ost abundant 	��. 

201� RubiovRincAn, et al. *' shoSed that 	��s and P��s can synergiVe 
during EBPR through electron sink interacIons Sith the nitrogen 
cycle. 

201� �elles, et al. *( characteriVed P��s Sith varying polyphosphate levels, 
shoScasing <etabolic 0eTibility and capturing the .rst electron 
<icroscope photo of �Ca. �ccu<ulibacter.� 

201� 	uo, et al. *) used <etageno<ics to reveal <icrobial diversity in 
acIvated sludge and assigned funcIonal roles, Sith �Ca. 
�ccu<ulibacter� being highly prevalent. 

201� �eng, et al. ** <onitored seasonal changes in the abundance and 
clade diversity of �Ca. �ccu<ulibacter� in ��TPs using ,,&N as a 
<arker. 

201� �a<e9o, et al. *+ used <etageno<ics and <etatranscripto<ics in an 
EBPR reactor perfor<ing denitri.caIon to shoS that gene eTpression 
indicates acIvity potenIal. 

201� Fernando, et al. *, developed a F�SHvR�M�N techniDue to idenIfy 
and study the physiology of cells accu<ulaIng polyP, glycogen, and 
PH�s in situ. 

201� RubiovRincAn, et al. *- proposed �Ca. �ccu<ulibacter del2ensis� 
{fro< clade ��| to address clade diversity issues, shoSing it cannot 
denitrify. 

201� �ru<uga<, et al. *. reported the .rst closed geno<e of ��a. 
�ccu<ulibacter,� retrieved Sith high Duality and coverage. 

201� Qiu, et al. +% idenI.ed a M�	 of ��a. �ccu<ulibacter� capable of 
using acetate and a<ino acids, linking their <etabolis< to phosphate 
cycling. 

201� RubiovRincAn, et al. +& using lactate as substrate for EBPR, shoSed 
that ��0.a/,#a�.a decouples polyP hydrolysis fro< carbon substrate 
uptake leading to loss of EBPR acIvity. 

2020 da Silva, et al. +' used stoichio<etric <etabolic <odeling to shoS that 
P�� 0eTibility in EBPR stages is rooted in netSork structure and 
<etabolic 0uidity. 
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2021 McDaniel, et al. +( co<pared gene eTpression across ��a. 
�ccu<ulibacter� M�	s, shoSing di,erent geno<es eTpress genes 
di,erently during EBPR cycles. 

2021 Petriglieri, et al. +) idenI.ed tSo neS P�� species, ��a. 
Dechloro<onas phosphoritropha� and �phosphorivorans,� capable 
of cycling PH�s and glycogen. 

2022 �hen, et al. +* tested uptake <echanis<s of acetate, propionate, 
gluta<ate, and aspartate in P��s and 	��s, revealing <icrobial 
groupvspeci.c physiological di,erences. 

2022 Petriglieri, et al. ++ reevaluated ��a. �ccu<ulibacter� phylogeny, 
proposing 1� novel species na<es and e<phasiVing M�	s for 
funcIonal diversity analysis. 

2022 Singleton, et al. +, categoriVed the previously knoSn ��0.a/,#a�.a�
<e<bers as neS genus sCaA� Phosphoribactert, one of <ost 
abundant P�� present SorldSide. 

202� �hen, et al. +- shoSed that �Ca. �ccu<ulibacter cognatus� can 
<etaboliVe certain fer<entaIon products, leading to phosphate 
release 

202� �iliani, et al. +. suggested that glucose is consu<ed in ��a. 
�ccu<ulibacter� enrich<ents, supported by ��� F�SH evidence. 

202� P eVv�atson, et al. ,% e<ployed DuanItaIve <odels to predict the 
<etabolic strategies of P��s during a Shole EBPR cycle. 

202� 
leika<p, et al. ,& shoSed that <etageno<ics, <etaproteo<ics, and 
1�S rRN� provide di,ering DuanItaIve insights into <icrobial 
co<<unity structures. 

202� P eVv�atson, et al. ,' de<onstrated that co<putaIonal tools assess 
<etabolic capacity and diversity Sithin si<ple <odels of individual 
M�	s. 

202� �ie, et al. ,( conducted evoluIonary analysis of genes related to 
polyphosphate cycling in ��a. �ccu<ulibacter,� highlighIng acIvity 
during EBPR cycles. 
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2021 McDaniel, et al. +( co<pared gene eTpression across ��a. 
�ccu<ulibacter� M�	s, shoSing di,erent geno<es eTpress genes 
di,erently during EBPR cycles. 

2021 Petriglieri, et al. +) idenI.ed tSo neS P�� species, ��a. 
Dechloro<onas phosphoritropha� and �phosphorivorans,� capable 
of cycling PH�s and glycogen. 

2022 �hen, et al. +* tested uptake <echanis<s of acetate, propionate, 
gluta<ate, and aspartate in P��s and 	��s, revealing <icrobial 
groupvspeci.c physiological di,erences. 

2022 Petriglieri, et al. ++ reevaluated ��a. �ccu<ulibacter� phylogeny, 
proposing 1� novel species na<es and e<phasiVing M�	s for 
funcIonal diversity analysis. 

2022 Singleton, et al. +, categoriVed the previously knoSn ��0.a/,#a�.a�
<e<bers as neS genus sCaA� Phosphoribactert, one of <ost 
abundant P�� present SorldSide. 

202� �hen, et al. +- shoSed that �Ca. �ccu<ulibacter cognatus� can 
<etaboliVe certain fer<entaIon products, leading to phosphate 
release 

202� �iliani, et al. +. suggested that glucose is consu<ed in ��a. 
�ccu<ulibacter� enrich<ents, supported by ��� F�SH evidence. 

202� P eVv�atson, et al. ,% e<ployed DuanItaIve <odels to predict the 
<etabolic strategies of P��s during a Shole EBPR cycle. 

202� 
leika<p, et al. ,& shoSed that <etageno<ics, <etaproteo<ics, and 
1�S rRN� provide di,ering DuanItaIve insights into <icrobial 
co<<unity structures. 

202� P eVv�atson, et al. ,' de<onstrated that co<putaIonal tools assess 
<etabolic capacity and diversity Sithin si<ple <odels of individual 
M�	s. 

202� �ie, et al. ,( conducted evoluIonary analysis of genes related to 
polyphosphate cycling in ��a. �ccu<ulibacter,� highlighIng acIvity 
during EBPR cycles. 
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2021 McDaniel, et al. +( co<pared gene eTpression across ��a. 
�ccu<ulibacter� M�	s, shoSing di,erent geno<es eTpress genes 
di,erently during EBPR cycles. 

2021 Petriglieri, et al. +) idenI.ed tSo neS P�� species, ��a. 
Dechloro<onas phosphoritropha� and �phosphorivorans,� capable 
of cycling PH�s and glycogen. 

2022 �hen, et al. +* tested uptake <echanis<s of acetate, propionate, 
gluta<ate, and aspartate in P��s and 	��s, revealing <icrobial 
groupvspeci.c physiological di,erences. 

2022 Petriglieri, et al. ++ reevaluated ��a. �ccu<ulibacter� phylogeny, 
proposing 1� novel species na<es and e<phasiVing M�	s for 
funcIonal diversity analysis. 

2022 Singleton, et al. +, categoriVed the previously knoSn ��0.a/,#a�.a�
<e<bers as neS genus sCaA� Phosphoribactert, one of <ost 
abundant P�� present SorldSide. 

202� �hen, et al. +- shoSed that �Ca. �ccu<ulibacter cognatus� can 
<etaboliVe certain fer<entaIon products, leading to phosphate 
release 

202� �iliani, et al. +. suggested that glucose is consu<ed in ��a. 
�ccu<ulibacter� enrich<ents, supported by ��� F�SH evidence. 

202� P eVv�atson, et al. ,% e<ployed DuanItaIve <odels to predict the 
<etabolic strategies of P��s during a Shole EBPR cycle. 

202� 
leika<p, et al. ,& shoSed that <etageno<ics, <etaproteo<ics, and 
1�S rRN� provide di,ering DuanItaIve insights into <icrobial 
co<<unity structures. 

202� P eVv�atson, et al. ,' de<onstrated that co<putaIonal tools assess 
<etabolic capacity and diversity Sithin si<ple <odels of individual 
M�	s. 

202� �ie, et al. ,( conducted evoluIonary analysis of genes related to 
polyphosphate cycling in ��a. �ccu<ulibacter,� highlighIng acIvity 
during EBPR cycles. 
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SWEET SECRETS.

 2

EXPLORING NOVEL GLYCANS
AND  GLYCOCONJUGATES

IN THE EXTRACELLULAR
POLYMERIC SUBSTANCES OF

“CANDIDATUS
ACCUMULIBACTER”
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Biological SasteSater treat<ent relies on <icroorganis<s that groS as 0ocs, 
bio.l<s or granules for e/cient separaIon of bio<ass fro< cleaned Sater. This 
bio.l< structure e<erges fro< the interacIons betSeen <icrobes Shich 
produce, and are e<bedded in, eTtracellular poly<eric substances {EPS|. The true 
co<posiIon and structure of the EPS responsible for dense bio.l< for<aIon is 
sIll obscure. �e conducted a �+2+(G4, approach uIliVing advanced glyco<ic 
techniDues to eTplore the glycan diversity in the EPS fro< a highly enriched 
sCa)�$�a04/��ccu<ulibactert granular sludge. Rare novel sugar <ono<ers such 
as Nv�cetylDuinovosa<ine {QuiN�c| and 2v�vMethylrha<nose {2v�MevRha| 
Sere idenI.ed to be present in the EPS of both enrich<ents. Further, a high 
diversity in the glycoprotein structures of said EPS Sas idenI.ed by <eans of 
lecInvbased <icroarrays. �e eTplored the geneIc potenIal of sCaA�
�ccu<ulibactert high Duality <etageno<e asse<bled geno<es {M�	s| to 
shoScase the shortco<ing of 0+,G�+6)� bioinfor<aIcsvbased approaches at 
predicIng EPS co<posiIon and structure, especially Shen dealing Sith glycans 
and glycocon9ugates. This Sork suggests that <ore �+2+(G4, research is 
necessary to understand the co<posiIon and co<pleT structure of EPS in 
bio.l<s, since geno<evbased inference cannot directly predict glycan structures 
and glycocon9ugate diversity.  
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Biological SasteSater treat<ent relies on <icrobial co<<uniIes that for< 
aggregates called bio.l<s, 0ocs or granules, Shich play a pivotal role in the 
separaIon of bio<ass fro< treated Sater &�'. These structures house 
<icroorganis<s e<bedded Sithin a co<pleT <iTture of eTtracellular poly<eric 
substances {EPS|, Shich are produced by the <icroorganis<s the<selves (. 
Despite the intricate nature of EPS, signi.cant progress has been <ade by 
focusing research on co<<unity <e<bers that are easily controllable in lab 
reactors. �<ong these organis<s, sCa)�$�a04/ �ccu<ulibactert, a Sellvstudied 
gra<vnegaIve bacteriu<, e<erges as a do<inant <e<ber in <ost aerobic 
granular sludge {�	S| syste<s ) and is believed to play a <a9or role in EPS 
for<aIon. Despite not being isolated as a pure culture, sCaA �ccu<ulibactert can 
be highly enriched in open lab cultures Shile <aintaining the desired bio.l< 
granular structure. �onseDuently, sCaA��ccu<ulibactert has beco<e a valuable 
<odel organis< to study not only EPS for<aIon but also the funcIoning, 
relaIonships, and asse<bly of <icrobial aggregates <ore broadly. 

EPS plays a pivotal role in bio.l< for<aIon *, provides protecIon against 
predaIon and environ<ental stress +, facilitates nutrient cycling ,, and shapes 
overall <icrobial co<<unity structure -. Their co<posiIon, eTceedingly co<pleT, 
e<erges fro< acIve secreIon, cell decay and sorpIon fro< the environ<ent .. 
Thus they co<prise of sugars, proteins, nucleic acids and lipids, although the 
reported co<posiIon is strongly dependent on the <ethod e<ployed for its 
eTtracIon &% and analysis &&. Focusing on isolaIng EPS into their individual 
<olecular co<ponents overlooks the potenIal eTistence of co<binaIons of 
these <olecules. �n this conteTt, sglycanst, Shich denote sugar chains, can be 
found as free <olecules or linked to other <acro<olecules, parIcularly proteins 
and lipids.  

	lycans are one of the <ost co<pleT <acro<olecules in nature. Not only are 
their basic co<ponents diverse {typically ranging fro< � to � carbons| but the 
types of linkages {$A�A�glycosidic bonds| that can occur at each individual carbon 
leads to di,erent degrees of branching resulIng in a nearly unli<ited range of 
structures -�&'. �n addiIon, in a <icrobial co<<unity each individual <e<ber 
could contribute to a uniDue set of glycan <olecules Shich further hinders the 
understanding of the EPS’s glyco<e. Thus, developing syste<aIc <ethods to 
beLer understand the sugar co<ponent that <akes the EPS of a bio.l< is of 
para<ount i<portance. �ne such <ethod is a q0+,��+6)C approach in Shich the 
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geneIc <akeup of <icrobial co<<uniIes can be analysed and the potenIal for 
producIon of glycans predicted &(. This <ethod hoSever is li<ited to a set of Sellv
studied polysaccharides and lacks the discovery of novel or unknoSn structures. 
�e propose a di,erent <ethod Shich involves a q�+2+(�4,’ approach to start 
Sith eTa<ining the glycan co<posiIon {$A�A�6#a0� $/�0#�.�I to guide the further 
analysis on a speciesvbased proteo<ic or geno<ic analysis.   

Recent advances in neTtvgeneraIon <ass spectro<etry and an evervgroSing 
resoluIon have revoluIoniVed our ability to eTplore the co<posiIon of glycans 
fro< environ<ental sa<ples &)�&+. The high precision and sensiIvity alloS for the 
idenI.caIon of novel glycans. By e<ploying these cuMngvedge techniDues, 
researchers are noS eDuipped to idenIfy and characteriVe neS glycan structures 
Sithin the EPS of sCa. �ccu<ulibactert, this Say eTpanding our knoSledge of the 
glycan diversity in these bacteria. High throughput techniDues such as lecIn 
<icroarrays &, eTploit the natural selecIvity of lecIns to recogniVe speci.c glycan 
structures. Recently, the use of this techniDue Sas co<bined Sith protein 
idenI.caIon opening the possibility to study glycocon9ugates such as 
glycoproteins. 

	lycoproteins in bacteria have only recently gained scienI.c aLenIon, as 
glycosylaIon Sas long believed to be eTclusive to eukaryoIc organis<s &-�&.. 
HoSever, pathogenic bacteria have been found to contain <ulIple glycoproteins 
that play signi.cant roles in various processes, for eTa<ple the bacterial adhesion 
to host <ucosal <e<branes '%. �n addiIon, an array of glycoproteins Sere 
recently discovered in bacteria fro< environ<ental sa<ples, e.g. fro< an 
enrich<ent of anaerobic a<<oniu< oTidiVing {�N�MM��| bacteria &)�'& 
indicaIng not only their presence but also their high variety. �onseDuently, it is 
crucial to conInue invesIgaIng the presence of glycoproteins in environ<ental 
bacteria and eTplore their potenIal connecIons to the for<aIon and funcIon of 
EPS. 

	lycoproteins result fro< protein glycosylaIon, a postvtranslaIonal <odi.caIon 
that in0uences protein structure, stability, and funcIonality. TSo pri<ary protein 
glycosylaIon syste<s have been idenI.ed in bacteria: �)G�'+� and /�-4�)1a' 
glycosylaIon &.. �)G�'+� glycosylaIon involves the asse<bly of a lipidv
oligosaccharide in the cytoplas<ic <e<brane, folloSed by the eTport and 
transfer to a protein in the eTtracellular space ''�'(. �onversely, seDuenIal 
glycosylaIon entails the stepSise transfer of sugar <oieIes {<ono or 
oligosaccharides| onto proteins '). �hile eTtensive infor<aIon eTists regarding 
these processes in <odel organis<s like Ca(,8'+�a�0�.�%�%4)$ and 	a�(+,#$'4/�
$) 4�)9a�, li<ited knoSledge is available concerning protein glycosylaIon 
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��iigg..rree  CC7 �e��tor �!�r��teristi�s �or t!e enri�!ments 0it! t!e impe%%er rot�ting �t FBB =top p�ne%> 
�nd JBB =bottom p�ne%> rpm �t ste�dy st�te7 ���! p�ne% presents t!e ��tivity test o� � �y�%e by 
s!o0ing t!e �on�entr�tions o� p!osp!�te �nd ��et�te =mmo%;g���> =%e�t> �nd t!e mi�robi�% 
�omm.nity �b.nd�n�e b�sed on CH� r��� �mp%i�on se*.en�ing =rig!t>7 �ot! ��tivity tests indi��te 
t!�t ��et�te 0�s t�$en .p d.ring t!e �n�erobi� p!�se 0it! t!e �on�.rrent re%e�se o� p!osp!�te5 
typi��% �or P��s enri�!ments7 �or CH� r��� res.%ts5 t!e reso%.tion �t gen.s %eve% indi��tes P C M 
�b.nd�n�e5 ot!er0ise gen.s 0it! N C M �b.nd�n�e 0ere �%.stered into t!e ��tegory 9�t!ers:7 

EPS yiel� an� �hara�teri5a-on 
To characteriVe the sglycanst in the EPS of the sCa. �ccu<ulibactert enrich<ent, 
the bio<ass fro< each reactor Sas collected at the end of the aerobic phase and 
the EPS Sere eTtracted. The total carbohydrate content Sas deter<ined as 50.� 
<g�� �������ug��� for reactor 1 and ��.1 <g�� �������ug���for reactor 2. �ddiIonally, 
the total protein content Sas deter<ined as 2��.� <g�� ���ug��� for reactor 1 and 
���.� <g�� ����u g��� for reactor 2. �nalysis of the speci.c glycosyl co<posiIon of 
the EPS {Figure 2| revealed a si<ilar glycan pro.le, Sith the presence of both 
co<<on carbohydrate <ono<ers such as glucose {	lc|, rha<nose {Rha|, 2v�v
Methylrha<nose {2v�MevRha|, <annose {Man|, galactose {	al|, ribose {Rub|, Nv
�cetylglucosa<ine {	lcN�c|, and relaIve unco<<on <ono<er Nv
�cetylDuinovosa<ine {QuiN�c|.  
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<echanis<s in <icroorganis<s co<<only found in SasteSater treat<ent plants, 
such as �Ca. �ccu<ulibacter�. 

�n this paper, Se ai< to uncover the funcIonal signi.cance of glycoproteins and 
their associated glycans Sithin the EPS of DCaA �ccu<ulibactert. For this, Se 
adopted a co<prehensive boLo<vup approach to invesIgate the diversity of the 
glyco<e Sithin the EPS of �Ca. �ccu<ulibacter.� UIliVing advanced glyco<ic 
techniDues, Se idenI.ed previously elusive novel glycan structures and eTplored 
the variety of glycoproteins present in tSo highly enriched sCaA��ccu<ulibactert 
granular cultures. 	uided by these results, Se eTa<ined the geneIc potenIal of 
available geno<es of sCaA� �ccu<ulibactert to produce novel glycans and 
glycoproteins. This Sork highlights the i<portance of a thorough analysis of 
structural co<ponents of EPS rather than relying solely on funcIonal roles fro< 
geno<icvonly inferred co<ponents.   

 

��!#�"!(

�ea�tors )er�orman�e an� mi�ro�ial �omm0nity  
TSo reactor enrich<ents Sere operated under the sa<e condiIons eTcept for 
the rotaIonal speed of the i<peller {reactor 1: �00 rp<m reactor 2: �00 rp<|. 
Both enrich<ents achieved a steady state in Shich the cyclic pro.les of 
phosphate and acetate concentraIons Sere typical of a polyphosphate 
accu<ulaIng organis<s {P��s| enrich<ent {Figure 1: �cIvity| '*. Bio<ass 
concentraIons in both reactors Sere relaIvely co<parable at �.�1 � 0.05 and 
�.�� � 0.0� guL total suspended solids {TSS| for reactors 1 and 2 respecIvely. 
Further reactor characteriVaIon revealed a closely related <icrobial co<<unity 
based on 1�S rRN� gene analysis {Figure 1: 1�S|, in both cases do<inated by the 
genus DCaA �ccu<ulibactert. These .ndings align Sith the F�SH results indicaIng 
a strong do<inance of sCa. �ccu<ulibactert in both enrich<ents {�5.� � �.� � 
and ��.� � 2.� � of biovolu<e in reactor 1 and 2 respecIvely|.  
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��iigg..rree  CC7 �e��tor �!�r��teristi�s �or t!e enri�!ments 0it! t!e impe%%er rot�ting �t FBB =top p�ne%> 
�nd JBB =bottom p�ne%> rpm �t ste�dy st�te7 ���! p�ne% presents t!e ��tivity test o� � �y�%e by 
s!o0ing t!e �on�entr�tions o� p!osp!�te �nd ��et�te =mmo%;g���> =%e�t> �nd t!e mi�robi�% 
�omm.nity �b.nd�n�e b�sed on CH� r��� �mp%i�on se*.en�ing =rig!t>7 �ot! ��tivity tests indi��te 
t!�t ��et�te 0�s t�$en .p d.ring t!e �n�erobi� p!�se 0it! t!e �on�.rrent re%e�se o� p!osp!�te5 
typi��% �or P��s enri�!ments7 �or CH� r��� res.%ts5 t!e reso%.tion �t gen.s %eve% indi��tes P C M 
�b.nd�n�e5 ot!er0ise gen.s 0it! N C M �b.nd�n�e 0ere �%.stered into t!e ��tegory 9�t!ers:7 

EPS yiel� an� �hara�teri5a-on 
To characteriVe the sglycanst in the EPS of the sCa. �ccu<ulibactert enrich<ent, 
the bio<ass fro< each reactor Sas collected at the end of the aerobic phase and 
the EPS Sere eTtracted. The total carbohydrate content Sas deter<ined as 50.� 
<g�� �������ug��� for reactor 1 and ��.1 <g�� �������ug���for reactor 2. �ddiIonally, 
the total protein content Sas deter<ined as 2��.� <g�� ���ug��� for reactor 1 and 
���.� <g�� ����u g��� for reactor 2. �nalysis of the speci.c glycosyl co<posiIon of 
the EPS {Figure 2| revealed a si<ilar glycan pro.le, Sith the presence of both 
co<<on carbohydrate <ono<ers such as glucose {	lc|, rha<nose {Rha|, 2v�v
Methylrha<nose {2v�MevRha|, <annose {Man|, galactose {	al|, ribose {Rub|, Nv
�cetylglucosa<ine {	lcN�c|, and relaIve unco<<on <ono<er Nv
�cetylDuinovosa<ine {QuiN�c|.  
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��iigg..rree  DD7 �%y�osy% �omposition o� t!e e1tr��ted �P� �s re%�tive mo%e �b.nd�n�e �rom t!e tot�% 
�mo.nt o� ��rbo!ydr�te monomers determined by �C<��7 C�rbo!ydr�te monomers dete�ted: 
g%.�ose =�%�>5 �!�mnose =�!�>5 ��nnose =��n>5 ��%��tose =��%>5 �ibose =�ib5> �<��ety%g%.�os�mine 
=�%����>5 �<��ety%*.inovos�mine =�.i���> �nd D<�<�et!y%r!�mnose =D<��e<�!�>7 

Poten-al �or �iosynthesis o� the �ar�ohy�rate monomer �0iNA� 
	uided by the idenI.caIon of the rare <ono<er QuiN�c in the EPS of our highly 
enriched reactors, it is interesIng to invesIgate the geneIc potenIal for its 
biosynthesis in sCaA��ccu<ulibactert species. The pathSay for QuiN�c synthesis 
idenI.ed in �/�4�+(+)a/�a4.�"$)+/a�{also present in �#$9+�$4(��'1�and �a�$'4/�
��.�4/| is shoSn in Figure ��. The .rst steps involve the bioche<ical conversions 
fro< Fructosev�vPhosphate {a glycolyIc inter<ediate| toSards UDPv	lcN�c 
catalyVed by the enVy<es coded by �'(�>��'(��and �'(�. NeTt, UDPv	lcN�c is 
dehydrated and further oTidiVed by tSo disInct enVy<es {coded by 6�,��and 
6�,�� respecIvely| to generate UDPvQuiN�c. �nalysis of sCaA��ccu<ulibactert 
M�	s indicated that all assessed species harvested the co<plete gene set for 
synthesis up to UDPv	lcN�c {Figure �.B|. For the further conversion of this sugar 
toSards UDPvQuiN�c, several M�	s contained the 6�,��gene, but none of the 
M�	s Sere annotated to harvest 6�,�. Nevertheless, several M�	s contained 
coding seDuences that Sere <atched to 6�,��Sith over �0 � idenIty but had 
been annotated only as q���� �a($'8� +7$�+.��4�0a/�/C {Figure �|. These could 
represent genes carrying the funcIon of 6�,��and thus represent the potenIal 
for QuiN�c synthesis in DCaA��ccu<ulibactert species. 
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��iigg..rree  EE7 �eneti� potenti�% �or t!e biosynt!esis o� �.i��� in 9C�7 ���.m.%ib��ter:7 =�> �iosynt!eti� 
p�t!0�y o� t!e g%y��n �.i��� in b��teri� indi��ting t!e genes �oding �or e��! re��tion step en3yme7 
=�> Presen�e =�i%%ed 0it! b%.e> or �bsen�e =empty> o� t!e genes invo%ved in t!is biosynt!eti� p�t!0�y 
in m.%tip%e met�genome<�ssemb%ed genomes =���s> o� 9C�7 ���.m.%ib��ter: spe�ies7 �enes 0it! 
�
��� !it O FB M identity b.t not �nnot�ted �s s.�! �re �i%%ed 0it! %ig!ter b%.e7  

	ly�o)rotein analysis 2ith le�-n mi�roarrays 
	lycans include both free carbohydrates and glycocon9ugates {glycoproteins and 
glycolipids|. Since protein glycosylaIon is a key posLranslaIonal <odi.caIon to 
proteins, the possible presence of glycoproteins in the EPS Sas studied. � lecIn 
<icroarray Sas used to analyse the protein glycosylaIon Sithin the EPS of sCaA 
�ccu<ulibactert. �n this assay, proteins in the eTtracted EPS Sere iniIally labelled 
Sith �y�. �f a protein Sas glycosylated, the glycan part Sould bind to the speci.c 
lecIn present on the array and Sould e<it a 0uorescent signal due to the 
presence of �y� at the protein part. Therefore, fro< this essay it is possible to 
evaluate the presence of glycoproteins and idenIfy the glycan pro.le based on 
the lecIn speci.city. �n brief, a 0uorescent signal signi.es tSo things: .rst, the 
aLached proteins are glycoproteins, and second, their glycan pro.le <atches the 
paLern recogniVed by the lecIn.  

�<ong the �� lecIns tested, �� and 52 e<iLed a detectable 0uorescent signal 
for the eTtracted EPS fro< reactors 1 and 2 respecIvely. To focus on the strongest 
signals, a .lter {0uorescence intensity � 200| Sas applied, sorIng out 1� lecIns 
that bound signi.cantly to the EPS {Figure �|. �t Sas found that, the 0uorescence 
intensity pro.les Sere si<ilar for both reactors 1 and 2. Notably, lecIns binding 
glycans containing speci.c sugar <ono<ers such as .���� {(a))+/� containing 
glycans|, .C�
O�and .�a'PC {"a'a�0+/� containing glycans|, along Sith ��
�{Sialic 
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glycoprotein structures, as evidenced by the Side array of glycoprotein structures 
observed in lecIn <icroarrays. 

 

 

��iigg..rree  GG7 =�> Protein g%y�osy%�tion me�!�nism present in C7 #e#.ni =�ig.re �d�pted �rom ���	�����
��
�����
��
���> =�> Presen�e =�i%%ed> or �bsen�e =empty> o� t!e genes invo%ved in t!is biosynt!eti� p�t!0�y 
in m.%tip%e met�genome �ssemb%ed genomes =���s> o� 9C�7 ���.m.%ib��ter: spe�ies7 

 

��!�#!!���(
�n this research Se operated tSo labvscale reactors Sith condiIons to enrich for 
sCaA� �ccu<ulibactert to alloS a deep understanding of the glycans and 
associated <acro<olecules produced in the EPS by <e<bers of these species. 
�e obtained tSo highly enriched reactors {1�S rRN� resulted in ��0 � sCaA�
�ccu<ulibactert for both reactors w F�SH indicated ��5 � of the biovolu<e| Sith 
re<arkable si<ilariIes in their reactor perfor<ance and <ore i<portantly in the 
EPS glycans and glycoprotein pro.les. 

��en-��a-on o� )re1io0sly 0n�es�ri�e� s0 ar monomers in the 
EPS o� :����A��0m0li�a�ter; enri�hment 
Bacteria coat the<selves Sith a dense array of cell envelope glycans that enhance 
bacterial .tness and pro<ote survival '+. �ithin a <icrobial aggregate, this sSeet 
coat <ay end up as a co<ponent of the EPS. �ddiIonally, there are glycans 
speci.cally produced Sithin the eTtracellular space. �s bacterial glycans play a 
criIcal role in cellvcell and cellvenviron<ent interacIon, it is signi.cantly 
i<portant to study the glycan pro.le of sCaA��ccu<ulibactert, Shich is one of the 
do<inant <icroorganis<s in EBPR syste<s. �n the current research, labvscale 
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acids containing glycans|, 	�� {�vglycans| and �
��G��OUC#G�OMM�� HSG/4'�+G
"a'a�0+/��"'8�a)I>�eThibited the highest 0uorescence in both cases.� 

 

��iigg..rree  FF7 
e�tin mi�ro�rr�y pro�i%e indi��ting t!e �%.ores�en�e intensity �or binding o� g%y�oproteins 
in t!e �P� to e��! individ.�% %e�tin7 �!e bro�d spe�i�i�ity o� e��! %e�tin is s!o0ed5 more spe�i�i� 
str.�t.r�% spe�i�i�ity is in�%.ded in t!e p.b%is!ed �rti�%e on%ine7  

Poten-al �or )rotein  ly�osyla-on in :����A��0m0li�a�ter; 
The lecIn <icroarrays results revealed a diverse array of glycoprotein structures 
in the EPS of both reactors. 	lycoproteins asse<bly typically involves the transfer 
of an oligosaccharide fro< a lipidvoligosaccharide to a protein, and the diversity 
ste<s fro< variaIons in the oligosaccharide asse<bly. To invesIgate the geneIc 
potenIal responsible for lipidvoligosaccharide asse<bly, M�	s of sCaA�
�ccu<ulibactert Sere co<pared to the Sellvdescribed lipidvoligosaccharide 
asse<bly syste< of Ca(,8'+�a�0�.� %�%4)$ {Figure 5.�I. The analysis of gene 
presence and absence in diverse species of sCaA �ccu<ulibactert revealed 
signi.cant variaIons in the asse<bly syste< for oligosaccharides linked to 
glycoprotein synthesis. �hile so<e species eThibit 2 or � related genes, others 
possess nearvco<plete syste<s akin to CA� %�%4)$ such as sCa. �ccu<ulibacter 
regalist {Figure 5.B|. These di,erences i<ply potenIal speciesvrelated diversity in 
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glycoprotein structures, as evidenced by the Side array of glycoprotein structures 
observed in lecIn <icroarrays. 

 

 

��iigg..rree  GG7 =�> Protein g%y�osy%�tion me�!�nism present in C7 #e#.ni =�ig.re �d�pted �rom ���	�����
��
�����
��
���> =�> Presen�e =�i%%ed> or �bsen�e =empty> o� t!e genes invo%ved in t!is biosynt!eti� p�t!0�y 
in m.%tip%e met�genome �ssemb%ed genomes =���s> o� 9C�7 ���.m.%ib��ter: spe�ies7 

 

��!�#!!���(
�n this research Se operated tSo labvscale reactors Sith condiIons to enrich for 
sCaA� �ccu<ulibactert to alloS a deep understanding of the glycans and 
associated <acro<olecules produced in the EPS by <e<bers of these species. 
�e obtained tSo highly enriched reactors {1�S rRN� resulted in ��0 � sCaA�
�ccu<ulibactert for both reactors w F�SH indicated ��5 � of the biovolu<e| Sith 
re<arkable si<ilariIes in their reactor perfor<ance and <ore i<portantly in the 
EPS glycans and glycoprotein pro.les. 

��en-��a-on o� )re1io0sly 0n�es�ri�e� s0 ar monomers in the 
EPS o� :����A��0m0li�a�ter; enri�hment 
Bacteria coat the<selves Sith a dense array of cell envelope glycans that enhance 
bacterial .tness and pro<ote survival '+. �ithin a <icrobial aggregate, this sSeet 
coat <ay end up as a co<ponent of the EPS. �ddiIonally, there are glycans 
speci.cally produced Sithin the eTtracellular space. �s bacterial glycans play a 
criIcal role in cellvcell and cellvenviron<ent interacIon, it is signi.cantly 
i<portant to study the glycan pro.le of sCaA��ccu<ulibactert, Shich is one of the 
do<inant <icroorganis<s in EBPR syste<s. �n the current research, labvscale 
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reactors and various analyIcal <ethods Sere used to conduct this study. 	�vMS 
analysis revealed the presence of novel glycans previously undocu<ented in EPS 
fro< sCaA��ccu<ulibactert: i.e. QuiN�c and 2v�MevRha. 

QuiN�c has been reported in bacterial species of �/�4�+(+)a/�a)���#$9+�$4( 
associated to lipopolysaccharides {LPS| ', yet its funcIon is not yet fully 
understood. QuiN�cvde.cient <utants of �A� �'1>� for eTa<ple, eThibit LPS Sith 
signi.cant reducIon in the �vanIgen content co<pared to the Sild type. Such 
<utants fail to aggregate and coloniVe nodules in the roots of their legu<e hosts 
'- even Shen the �vanIgen content is increased by geneIc engineering '.. Thus, 
QuiN�c is proposed to serve as the bridging glycan betSeen lipids and 
oligosaccharides in LPS (%�('. �t is Sorth poinIng out the si<ilariIes betSeen �A�
�'1 and sCaA��ccu<ulibactert since both bacterial species appear to groS as 
densely aggregated <icrocolonies. �n this respect, the role and the eTact locaIon 
of QuiN�c in sCaA��ccu<ulibacterE reDuires further research, Shich <ay shed 
light on <aintaining a stable populaIon of sCaA��ccu<ulibacterE� in the EBPR 
syste< at SasteSater treat<ent plant. 

Besides QuiN�c, 2v�v<ethylvrha<nose is another unco<<on sugar <ono<er 
detected in the EPS of s�a. �ccu<ulibactert. 2v�v<ethylvrha<nose has been 
reported on the Svlayer glycoprotein glycan of ��+�a�$''4/�/0�a.+0#�.(+,#$'4/ ((, 
�t has also been reported as part of the repeaIng unit of the lipopolysaccharide 
fro< �#$+�a,/a�.+/�+,�./$�$)a�() and as a sporevspeci.c consItuent of �a�$''4/�
��.�4/ (*. The role of 2v�v<ethylvrha<nose is not clearly described in literature. 
�t Sas hypothesiVed that 2v�v<ethylaIon of the ter<inal rha<nose residue on 
the Svlayer glycoprotein glycan of �A� /0�a.+0#�.(+,#$'4/ <ight funcIon as a 
ter<inaIon signal for chain elongaIon {Sch",er et al., 2002|. �hy it is produced 
by sCaA��ccu<ulibactert enrich<ent and Shere it is located are interesIng topics 
to be invesIgated.  

	ly�o)roteins are )resent an� hi hly �i1erse in the EPS o� :����
A��0m0li�a�ter; 
�ithin the glycans, besides free polysaccharides, there are glycocon9ugates such 
as glycoproteins and glycolipids. To further invesIgate the potenIal eTistence of 
glycoproteins and its glycan pro.le, a lecIn <icroarray analysis Sas perfor<ed. 
The eTistence of glycoproteins Sith diverse glycosylaIon paLerns Sere observed. 
Protein glycosylaIon has profound e,ects on protein funcIon and stability. For 
eTa<ple, the surface layer proteins, Shich envelop al<ost all bacteria, have 
glycosylaIon paLerns that signi.cantly in0uence properIes like Sater retenIon, 
surface roughness and 0uidity (+. �n environ<ental <icroorganis<s such as sCaA�
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�ccu<ulibactert, both the presence and strong diversity of glycoproteins in the 
EPS <ay be crucial for the funcIoning and asse<bly of the <icrobial co<<unity. 
This has signi.cant i<plicaIons for co<prehending the role of EPS proteins since 
their funcIonality and structure can be funda<entally di,erent depending on the 
type and diversity of the associated glycans (,. 

Typically, approaches for studying glycoproteins in environ<ental sa<ples involve 
idenIfying individual glycan structures and further characteriVing the proteins 
Sith <ass spectro<etry '&�(-�(.. Recently, Pabst, et al. &) introduced a syste<aIc 
glycoproteo<ics <ethod, revealing a Side array of glycoproteins in an 
enrich<ent culture of anaerobic a<<oniu<voTidiVing bacteria, aligning Sith our 
.ndings for si<ilar environ<ental bacteria. �hile the described glycoproteo<ics 
approach e,ecIvely idenI.es speci.c proteins and glycan co<posiIons, lecIn 
<icroarrays, such as the <ethod applied in this study, o,er a high throughput 
eTa<inaIon of the glycans on the protein surfaces, enabling a broader screening 
of possible protein glycosylaIon paLern. �o<bining both approaches can provide 
a co<prehensive understanding of glycoproteins, bridging the gap betSeen 
structural characteriVaIon and funcIonal i<plicaIons. 

�n EPS resear�h8 i�en-�yin  no1el  ly�ans an�  ly�o�on#0 ates 
nee�s a �
�
���� a))roa�h  
Bacteria produce a tre<endous variety of unusual sugars and sugar linkages as 
Sell as <odi.caIons of sugars. The study of bacterial glycans is further 
co<plicated by their enor<ous structural diversity. �n co<parison, <a<<alian 
cells construct their cell surface glycans using only nine <onosaccharide building 
blocks, plants use tSelve <onosaccharides, Shereas ��00 <onosaccharides have 
been found in bacterial glycans '+. 

Moreover, unlike DN� replicaIon or protein translaIon, glycan biosynthesis is not 
directed by a preveTisIng te<plate <olecule. �nstead, the producIon of glycans 
is decided by a feS factors together: the biosyntheIc <achinery, the available 
nucleoIde sugars {Shich serve as <onosaccharide donors|, and signals fro< the 
intracellular and eTtracellular environ<ent. Thus, the presence of glycans is 
dyna<ic and is in0uenced by both geneIc and environ<ental factors )%. 
Therefore, if the factors in0uencing glycans producIon and the re<arkable 
variety of <onosaccharides that can be produced by bacteria are added up, it is 
tre<endously challenging to study the glycan co<posiIon in EPS. 

�urrently, 0+,G�+6)� approaches are Sidely used. They predict the glycans 
co<posiIon in the EPS based on <etageno<es &(, resulIng in 0#�+.�1�a' 
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�ea�tor o)era-on  
TSo reactor condiIons Sere tested for this research. Both reactors Sere 
operated under the eTact sa<e condiIons eTcept for a change in the sIrring 
speed of the reactor i<peller {�00 rp< vs �00 rp<| to enrich for di,erent siVed 
granules. The sCaA� �ccu<ulibactert enrich<ent Sas obtained in a 2 L {1.5 L 
Sorking volu<e| seDuencing batch reactor {SBR|, folloSing condiIons si<ilar to 
the one described by 	uedes da Silva �0�a'A {2020| Sith so<e adaptaIons. The 
reactor Sas inoculated using acIvated sludge fro< a <unicipal SasteSater 
treat<ent plant {Harnaschpolder, The Netherlands|. Each SBR cycle lasted � 
hours, consisIng of �0 <inutes of seLling, 50 <inutes of e1uent re<oval, 10 
<inutes of N' sparging, 5 <inutes of feeding, 1�0 <inutes of anaerobic phase 
and 1�5 <inutes of aerobic phase. The hydraulic retenIon I<e {HRT| Sas 12 
hours {re<oval of �50 <L of broth per cycle|. The average solids retenIon I<e 
{SRT| Sas controlled to � days by the re<oval of e1uent at the end of the <iTed 
aerobic phase. The pH Sas controlled at �.0 � 0.1 by dosing 1 M H�l or 1 M Na�H. 
The te<perature Sas <aintained at 20 � 1 ��.  

The reactor Sas fed Sith tSo separate <edia: a concentrated ��D <ediu< {�00 
<g ��DuL| of acetate {1� guL Na�c��H'�| and a concentrated <ineral <ediu< 
{1.5� guL NH)�l, 1.5� guL MgS�)��H'�, 0.�0 guL �a�l'�2H'�, 0.�� 
�l, 0.0� guL 
Nvallylthiourea {�TU|, 2.22 guL NaH'P�)�H'�, 0.0� guL yeast eTtract and � <LuL 
of trace ele<ent soluIon prepared folloSing S<olders et al. {1���|. �n each cycle, 
�5 <L of each <ediu< Sas added to the reactor, together Sith �00 <L of 
de<ineraliVed Sater. The .nal feed contained �00 <g ��DuL of acetate. 
ETtracellular concentraIons of phosphate and a<<oniu< Sere <easured Sith a 
	allery Discrete �nalyVer {Ther<o Fisher ScienI.c, �altha<, M�|. �cetate Sas 
<easured by high perfor<ance liDuid chro<atography {HPL�| Sith an �<ineT 
HP�v��H colu<n {BiovRad, Hercules, ��|, coupled to R� and U� detectors {�aters, 
Milford, M�|, using 0.0015 M phosphoric acid as eluent supplied at a 0oSrate of 
1 <Lu<in. 

�i�ro�ial �omm0nity analysis 
The <icrobial co<<unity of each reactor condiIon Sas characteriVed a2er a 
<ini<al of � residence I<es Sas reached {approTi<ately �5 days of operaIon|. 
TSo orthogonal approaches Sere used for the co<<unity characteriVaIon: 1�S 
a<plicon seDuencing and Fluoresence �n Situ HybdiriVaIon {F�SH|. 
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poly<eric substances that reDuire eTperi<ental validaIon )&. �n addiIon, 
bioinfor<aIc approaches based on DN� seDuence are li<ited to only discovering 
biosyntheIc pathSays that have been very Sell described {�A"A� cellulose 
biosynthesis )'|, shadoSing the idenI.caIon of unknoSn bio<olecules and neS 
glycans. �s an eTa<ple, in this research, the sugar <ono<er QuiN�c Sas 
detected in highly enriched sCaA��ccu<ulibactert cultures, Shile its co<plete 
biosyntheIc pathSay could not be obtained in the available high Duality geno<es 
of DCaA��ccu<ulibactert. This indicates that Sith the topvdoSn approach, the 
eTistence of QuiN�c can hardly be predicted.  

Findings of the current research, together Sith those of Pabst, et al. &), highlight 
the huge diversity encountered in the glycans in the EPS. Ho<ology <odelling of 
enVy<es involved in carbohydrate synthesis and transfer rarely provides 
infor<aIon on the type of <onosaccharide involved in the process )( Shich 
further hinders a co<plete descripIon fro< <etageno<e infor<aIon only. �e 
idenI.ed that the geno<es of sCaA��ccu<ulibactert species harbour di,erent 
sets of genes in the described syste< for oligosaccharidesvlipid asse<bly, 
shoScasing that even on a genus level there is a high potenIal for varying glycan 
co<posiIons. Due to the special property of glycan synthesis, it is signi.cantly 
necessary to use <ore �+2+(G4, approaches for the che<ical descripIon of EPS 
co<ponents Shich could guide further geneIc analysis and generaliVaIons.  

 

�����#!���!(
-� Novel glycans containing QuiN�c and 2v�MevRha Sere idenI.ed for the 

.rst I<e in the EPS of sCaA��ccu<ulibactert enrich<ents. 
-� 	lycoproteins in the EPS fro< sCaA� �ccu<ulibactert are present and 

eThibit a high variaIon in the glycan structures that <ake the<. 
-� The co<pleTity in the EPS of environ<ental bacteria hinder the 0+,G�+6) 

approaches to only discover SellvknoSn poly<eric substances. More 
�+2+(G4,�research is reDuired to .ll the knoSledge gap that is reDuired 
for geno<ic <odelling approaches to understanding EPS of 
environ<ental bacteria. 
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�ea�tor o)era-on  
TSo reactor condiIons Sere tested for this research. Both reactors Sere 
operated under the eTact sa<e condiIons eTcept for a change in the sIrring 
speed of the reactor i<peller {�00 rp< vs �00 rp<| to enrich for di,erent siVed 
granules. The sCaA� �ccu<ulibactert enrich<ent Sas obtained in a 2 L {1.5 L 
Sorking volu<e| seDuencing batch reactor {SBR|, folloSing condiIons si<ilar to 
the one described by 	uedes da Silva �0�a'A {2020| Sith so<e adaptaIons. The 
reactor Sas inoculated using acIvated sludge fro< a <unicipal SasteSater 
treat<ent plant {Harnaschpolder, The Netherlands|. Each SBR cycle lasted � 
hours, consisIng of �0 <inutes of seLling, 50 <inutes of e1uent re<oval, 10 
<inutes of N' sparging, 5 <inutes of feeding, 1�0 <inutes of anaerobic phase 
and 1�5 <inutes of aerobic phase. The hydraulic retenIon I<e {HRT| Sas 12 
hours {re<oval of �50 <L of broth per cycle|. The average solids retenIon I<e 
{SRT| Sas controlled to � days by the re<oval of e1uent at the end of the <iTed 
aerobic phase. The pH Sas controlled at �.0 � 0.1 by dosing 1 M H�l or 1 M Na�H. 
The te<perature Sas <aintained at 20 � 1 ��.  

The reactor Sas fed Sith tSo separate <edia: a concentrated ��D <ediu< {�00 
<g ��DuL| of acetate {1� guL Na�c��H'�| and a concentrated <ineral <ediu< 
{1.5� guL NH)�l, 1.5� guL MgS�)��H'�, 0.�0 guL �a�l'�2H'�, 0.�� 
�l, 0.0� guL 
Nvallylthiourea {�TU|, 2.22 guL NaH'P�)�H'�, 0.0� guL yeast eTtract and � <LuL 
of trace ele<ent soluIon prepared folloSing S<olders et al. {1���|. �n each cycle, 
�5 <L of each <ediu< Sas added to the reactor, together Sith �00 <L of 
de<ineraliVed Sater. The .nal feed contained �00 <g ��DuL of acetate. 
ETtracellular concentraIons of phosphate and a<<oniu< Sere <easured Sith a 
	allery Discrete �nalyVer {Ther<o Fisher ScienI.c, �altha<, M�|. �cetate Sas 
<easured by high perfor<ance liDuid chro<atography {HPL�| Sith an �<ineT 
HP�v��H colu<n {BiovRad, Hercules, ��|, coupled to R� and U� detectors {�aters, 
Milford, M�|, using 0.0015 M phosphoric acid as eluent supplied at a 0oSrate of 
1 <Lu<in. 

�i�ro�ial �omm0nity analysis 
The <icrobial co<<unity of each reactor condiIon Sas characteriVed a2er a 
<ini<al of � residence I<es Sas reached {approTi<ately �5 days of operaIon|. 
TSo orthogonal approaches Sere used for the co<<unity characteriVaIon: 1�S 
a<plicon seDuencing and Fluoresence �n Situ HybdiriVaIon {F�SH|. 
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��0�.($)a1+)�+��0#��0+0a'�,.+0�$)�a)���a.�+#8�.a0���+)0�)0/�+��0#���70.a�0�������
The total protein content Sas esI<ated using the bicinchoninic acid {B��| assay 
*' Sith bovine seru< albu<in {BS�| as standard. The total carbohydrate content 
Sas deter<ined using the phenolwsulfuric acid assay *( Sith glucose as standard. 
Both analyses Sere perfor<ed as described by &&. 

�'8�+/8'��+(,+/$1+)�a)����0��1+)�+��"'8�+,.+0�$)/�$)�0#������
	lycosyl co<posiIon analysis of the eTtracted EPS Sas perfor<ed at the �o<pleT 
�arbohydrate research �enter {��R�, the University of 	eorgia| by co<bined 
	�uMS of the �vtri<ethylsilyl {TMS| derivaIves of the <onosaccharide <ethyl 
glycosides produced fro< the sa<ple by acidic <ethanolysis. These procedures 
Sere carried out as previously described in Santander, et al. &*. �n brief, lyophiliVed 
EPS aliDuots of �00 �g Sere added to separate tubes Sith 20 �g inositol as the 
internal standard. Methyl glycosides Sere then prepared fro< the dry sa<ple 
folloSing the <ild acid treat<ent by <ethanolysis in 1 M H�l in <ethanol at �0 
�� {1� h|. The sa<ples Sere revNvacetylated Sith 10 drops of <ethanol, 5 drops 
of pyridine, and 5 drops of aceIc anhydride, and Sere kept at roo< te<perature 
for �0 <inutes {for detecIon of a<ino sugars|. The sa<ple Sas then pervov
tri<ethylsilyated by treat<ent Sith TrivSil {Pierce| at �0 �� {�0 <in|. These 
procedures Sere carried out as described by Merkle and Poppe *). 	�uMS analysis 
of the pervovtri<ethylsilyl <ethyl glycosides Sas perfor<ed on an �T ���0� gas 
chro<atograph interfaced to a 5��5B MSD <ass spectro<eter, using a Supelco 
E�v1 fused silica capillary colu<n {�0 < � 0.25 << �D| and the te<perature 
gradient shoSn in Table 1. 

����bb%%ee  CC7 �emper�t.re progr�m �or t!e �C<�� �n�%ysis �or t!e ��� met!od7 

  
Rate 
{W�u<in| 

�alue {W�| 
Hold Ti<e 
{<in| 

Run Ti<e 
{<in| 

�niIal   �0 2 2 

Ra<p 1 20 1�0 2 � 

Ra<p 2 2 200 0 �� 

Ra<p � �0 250 5 ��.� 

 


��)1��a1+)�+��(�0#8'a0���/4"a.��8�a'�$0+'�a��0a0�/��
�denI.caIon of <ethylated sugar Sas perfor<ed by 	�vMS of the alditol 
acetates as described Pe?a, et al. &+. The analysis Sas perfor<ed on �00 <g of 
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For 1�S RN� a<plicon seDuencing, DN� Sas eTtracted fro< the granules using 
the DNeasy Ultra�lean Microbial kit {Qiagen, �enlo, The Netherlands|, using the 
<anufacturer’s protocol. The eTtracted DN� Sas DuanI.ed using a Qubit � 
{Ther<o Fisher ScienI.c, �altha<, M�|. Sa<ples Sere sent to Novogene Ltd. 
{Hong 
ong, �hina| for a<plicon seDuencing of the ��v� hypervariable region of 
the 1�S rRN� gene {posiIon ��1v�0�| on a MiSeD desktop seDuencing plaHor< 
{�llu<ina, San Diego, ��| operated under pairedvend <ode. The raS seDuencing 
reads Sere processed by Novogene Ltd. {Hong 
ong, �hina| and Duality .ltered 
using the Q��ME so2Sare )). �hi<eric seDuences Sere re<oved using U�H�ME )* 
and seDuences Sith ���� idenIty Sere assigned to the sa<e operaIonal 
taTono<ic units {�TUs| using UP�RSE )+. Each �TU Sas taTono<ically annotated 
using the Mothur so2Sare against the SSU rRN� database of the S�L�� Database 
),. SeDuences obtained are deposited under the Biopro9ect accession nu<ber 
PRJN�10��22� in the N�B� database. 

For F�SH, sa<ples underSent the procedures outlined by )- for handling, .TaIon, 
and staining. Bacteria Sere selecIvely idenI.ed using a blend of EUB���, 
EUB���v��, and EUB���v��� probes ).�*%. �Ca. �ccu<ulibacter� Sas visualiVed 
e<ploying a <iTture of P����2, P���51, and P����� probes {referred to as 
P��<iT| *&. HybridiVed sa<ples Sere subseDuently eTa<ined uIliVing the �Tio 
�<ager 2 0uorescence <icroscope {�eiss, �berkochen, 	er<any|. To DuanIfy and 
analyse the 0uorescent piTels in the <icroscopic i<ages, a custo< i<age analysis 
tool Sas developed. The tool e<ploys algorith<s to idenIfy and DuanIfy 
di,erent colour categories, including blue {Eubacteria only|, purple {P��<iT � 
Eubacteria| and green {	��<iT � Eubacteria| providing a co<prehensive analysis 
of the <icrobial co<posiIon. The tool is available on 	itHub 
}hLps:uugithub.co<uTPv�atsonuF�SHvDuanI.caIonvPaeV�atson~.  

EPS e3tra�-on an� �hara�teri5a-on 
�����70.a�1+)��.+(�0#���$+(a//��
Bio<ass sa<ples collected at the end of the aerobic phase Sere freeVevdried 
prior to EPS eTtracIon. EPS Sere eTtracted in alkaline condiIons at high 
te<perature, using a <ethod adapted fro< FelV et al. {201�|. FreeVevdried 
bio<ass Sere sIrred in of 0.1 M Na�H {1 � Suv of volaIle solids| at �0 �� for �0 
<in. ETtracIon <iTtures Sere centrifuged at �000Tg at � �� for 20 <in. 
Supernatants Sere collected and dialyVed overnight in dialysis tubing Sith a 
<olecular cutvo, of �.5 kDa, froVen at v�0 �� and freeVevdried. The freeVevdried 
eTtracted EPS sa<ples Sere stored for further analysis. 
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��0�.($)a1+)�+��0#��0+0a'�,.+0�$)�a)���a.�+#8�.a0���+)0�)0/�+��0#���70.a�0�������
The total protein content Sas esI<ated using the bicinchoninic acid {B��| assay 
*' Sith bovine seru< albu<in {BS�| as standard. The total carbohydrate content 
Sas deter<ined using the phenolwsulfuric acid assay *( Sith glucose as standard. 
Both analyses Sere perfor<ed as described by &&. 

�'8�+/8'��+(,+/$1+)�a)����0��1+)�+��"'8�+,.+0�$)/�$)�0#������
	lycosyl co<posiIon analysis of the eTtracted EPS Sas perfor<ed at the �o<pleT 
�arbohydrate research �enter {��R�, the University of 	eorgia| by co<bined 
	�uMS of the �vtri<ethylsilyl {TMS| derivaIves of the <onosaccharide <ethyl 
glycosides produced fro< the sa<ple by acidic <ethanolysis. These procedures 
Sere carried out as previously described in Santander, et al. &*. �n brief, lyophiliVed 
EPS aliDuots of �00 �g Sere added to separate tubes Sith 20 �g inositol as the 
internal standard. Methyl glycosides Sere then prepared fro< the dry sa<ple 
folloSing the <ild acid treat<ent by <ethanolysis in 1 M H�l in <ethanol at �0 
�� {1� h|. The sa<ples Sere revNvacetylated Sith 10 drops of <ethanol, 5 drops 
of pyridine, and 5 drops of aceIc anhydride, and Sere kept at roo< te<perature 
for �0 <inutes {for detecIon of a<ino sugars|. The sa<ple Sas then pervov
tri<ethylsilyated by treat<ent Sith TrivSil {Pierce| at �0 �� {�0 <in|. These 
procedures Sere carried out as described by Merkle and Poppe *). 	�uMS analysis 
of the pervovtri<ethylsilyl <ethyl glycosides Sas perfor<ed on an �T ���0� gas 
chro<atograph interfaced to a 5��5B MSD <ass spectro<eter, using a Supelco 
E�v1 fused silica capillary colu<n {�0 < � 0.25 << �D| and the te<perature 
gradient shoSn in Table 1. 

����bb%%ee  CC7 �emper�t.re progr�m �or t!e �C<�� �n�%ysis �or t!e ��� met!od7 

  
Rate 
{W�u<in| 

�alue {W�| 
Hold Ti<e 
{<in| 

Run Ti<e 
{<in| 

�niIal   �0 2 2 

Ra<p 1 20 1�0 2 � 

Ra<p 2 2 200 0 �� 

Ra<p � �0 250 5 ��.� 

 


��)1��a1+)�+��(�0#8'a0���/4"a.��8�a'�$0+'�a��0a0�/��
�denI.caIon of <ethylated sugar Sas perfor<ed by 	�vMS of the alditol 
acetates as described Pe?a, et al. &+. The analysis Sas perfor<ed on �00 <g of 
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used in table S2|. SeDuence align<ent Sas e<ployed to evaluate conservaIon 
and recogniVe potenIal orthologs or ho<ologs {<inyidenIty �0 �, evalue ev12|. 
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the sa<ple. The sa<ple Sas hydrolyVed in 2 M tri0uoroaceIc acid {TF�| for 2 h in 
a sealed tube at 120 ��, reduced Sith NaBD), and acetylated using aceIc 
anhydrideuTF�. The resulIng alditol acetates Sere analyVed on an �gilent ���0� 
	� {Table 2| interfaced to a 5��5� MSD, electron i<pact ioniVaIon <ode. � 
SP2��1 fused silica capillary Sas used as colu<n. 

����bb%%ee  DD: �emper�t.re progr�m �or �C<�� �n�%ysis by �%dito% ��et�tes 

  
Rate 
{W�u<in| 

�alue {W�| 
Hold Ti<e 
{<in| 

Run Ti<e 
{<in| 

�niIal   �0 1 1 

Ra<p 1 2�.5 1�0 0 5 

Ra<p 2 � 2�5 2 2�.5 

Ra<p � � 2�0 12 ��.� 

 

�'8�+,.+0�$)/���0��1+)��8�
��1)�($�.+a..a8�
The highvdensity lecIn <icroarray Sas constructed based on the procedure 
outlined by Tateno, et al. &,. To label EPS, 0.� �g of it Sas <iTed Sith �y�vNv
hydroTysuccini<ide ester {	E Healthcare|. ETcess �y� Sas re<oved using 
SephadeT 	v25 desalIng colu<ns {	E Healthcare|. The �y�vlabelled EPS Sas then 
diluted to a concentraIon of 0.5 fgu<l Sith probing bu,er, Shich contained 25 
<M TrisvH�l {pH �.5|, 1�0 <M Na�l, 2.� <M 
�l, 1 <M �a�l', 1 <M Mn�l', and 
1� Triton �v100. The <iTture Sas incubated Sith the lecIn <icroarray overnight 
at 20��. The lecIn <icroarray Sas Sashed three I<es Sith probing bu,er, and 
the resulIng 0uorescence i<ages Sere acDuired using a BiovReT scan 200 
evanescentv.eldvacIvated 0uorescence scanner {ReTTa< �o. Ltd., 
agaSa, 
Japan|. 

��)��$��)108�a)a'8/$/�
	eno<ic analysis Sas undertaken to eTplore the eTistence of genes Sithin various 
�Ca. �ccu<ulibacter� species that are associated Sith potenIal glycan synthesis 
and protein glycosylaIon <achinery. �e acDuired M�	 {Metageno<ev
�sse<bled 	eno<e| seDuences for 1� �Ca. �ccu<ulibacter� species fro< the 
European NucleoIde �rchive as described in P eVv�atson, et al. **. BL�ST 
analysis Sas eTecuted on the coding seDuences of these geno<es to idenIfy the 
presence of {or potenIal for| speci.c genes in a reference set {reference genes 
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used in table S2|. SeDuence align<ent Sas e<ployed to evaluate conservaIon 
and recogniVe potenIal orthologs or ho<ologs {<inyidenIty �0 �, evalue ev12|. 
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the sa<ple. The sa<ple Sas hydrolyVed in 2 M tri0uoroaceIc acid {TF�| for 2 h in 
a sealed tube at 120 ��, reduced Sith NaBD), and acetylated using aceIc 
anhydrideuTF�. The resulIng alditol acetates Sere analyVed on an �gilent ���0� 
	� {Table 2| interfaced to a 5��5� MSD, electron i<pact ioniVaIon <ode. � 
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Hold Ti<e 
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The highvdensity lecIn <icroarray Sas constructed based on the procedure 
outlined by Tateno, et al. &,. To label EPS, 0.� �g of it Sas <iTed Sith �y�vNv
hydroTysuccini<ide ester {	E Healthcare|. ETcess �y� Sas re<oved using 
SephadeT 	v25 desalIng colu<ns {	E Healthcare|. The �y�vlabelled EPS Sas then 
diluted to a concentraIon of 0.5 fgu<l Sith probing bu,er, Shich contained 25 
<M TrisvH�l {pH �.5|, 1�0 <M Na�l, 2.� <M 
�l, 1 <M �a�l', 1 <M Mn�l', and 
1� Triton �v100. The <iTture Sas incubated Sith the lecIn <icroarray overnight 
at 20��. The lecIn <icroarray Sas Sashed three I<es Sith probing bu,er, and 
the resulIng 0uorescence i<ages Sere acDuired using a BiovReT scan 200 
evanescentv.eldvacIvated 0uorescence scanner {ReTTa< �o. Ltd., 
agaSa, 
Japan|. 
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	eno<ic analysis Sas undertaken to eTplore the eTistence of genes Sithin various 
�Ca. �ccu<ulibacter� species that are associated Sith potenIal glycan synthesis 
and protein glycosylaIon <achinery. �e acDuired M�	 {Metageno<ev
�sse<bled 	eno<e| seDuences for 1� �Ca. �ccu<ulibacter� species fro< the 
European NucleoIde �rchive as described in P eVv�atson, et al. **. BL�ST 
analysis Sas eTecuted on the coding seDuences of these geno<es to idenIfy the 
presence of {or potenIal for| speci.c genes in a reference set {reference genes 
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�ith the rapid groSing availability of <etageno<e asse<bled geno<es {M�	s| 
and associated <etabolic <odels, the idenI.caIon of <etabolic potenIal in 
individual co<<unity <e<bers has beco<e possible. HoSever, the .eld sIll lacks 
an unbiassed syste<aIc evaluaIon of the generated <etageno<ic infor<aIon 
to uncover not only <etabolic potenIal, but also feasibiliIes of these <odels 
under speci.c environ<ental condiIons. �n this study, Se present a syste<aIc 
analysis of the <etabolic potenIal in species of �Ca)�$�a04/ �ccu<ulibacter�, a 
group of polyphosphatevaccu<ulaIng organis<s {P��s|. �e constructed a 
<etabolic <odel of the central carbon <etabolis< and co<pared the <etabolic 
potenIal a<ong available M�	s for sCaA��ccu<ulibactert species. By co<bining 
Ele<entary FluT Modes �nalysis {EFM�| Sith <aTv<in driving force {MDF| 
opI<iVaIon, Se obtained all possible 0uT distribuIons of the <etabolic netSork 
and calculated their individual ther<odyna<ic feasibility. �ur .ndings reveal 
signi.cant variaIons in the <etabolic potenIal a<ong sCaA� �ccu<ulibactert 
M�	s, parIcularly in the presence of anapleroIc reacIons.  EFM� revealed �00 
uniDue 0uT distribuIons in the co<plete <etabolic <odel that enable the 
anaerobic uptake of acetate and its conversion into polyhydroTyalkanoates 
{PH�s|, a SellvknoSn phenotype of sCaA� �ccu<ulibactert. HoSever, 
ther<odyna<ic constraints narroSed doSn this soluIon space to 1�� <odels 
that Sere stoichio<etrically and ther<odyna<ically feasible {MDF � 0 kJu<ol|, of 
Shich only � Sere strongly feasible {MDF � � kJu<ol|. Notably, several novel 0uT 
distribuIons for the <etabolic <odel Sere idenI.ed, suggesIng putaIve, yet 
unreported, funcIons Sithin the P�� co<<uniIes. �verall, this Sork provides 
valuable insights into the <etabolic variability a<ong �CaA �ccu<ulibacter� 
species and rede.nes the anaerobic <etabolic potenIal in the conteTt of 
phosphate re<oval. More generally, the integrated Sork0oS presented in this 
paper can be applied to any <etabolic <odel obtained fro< a M�	 generated 
fro< <icrobial co<<uniIes to ob9ecIvely narroS the eTpected phenotypes fro< 
co<<unity <e<bers.   
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Microbial ecology research strongly relies on culIvaIon independent approaches 
since <ost bacterial species are, to date, unculturable &. �nstead, data is 
generated fro< analysing <icrobial co<<uniIes directly in their natural 
environ<ents, o2en through <etageno<e analysis. The rapid develop<ent of 
high throughput seDuencing technologies has resulted in a groSing nu<ber of 
<etageno<evasse<bled geno<es {M�	s| represenIng <e<bers fro< various 
<icrobial co<<uniIes {for eTa<ple Singleton, et al. '|. �ver the years, M�	s 
generated fro< ecological sa<ples have been linked to potenIal funcIonal guilds 
in <icrobial co<<uniIes based on the presence of speci.c genes (�). ParIcularly 
in the conteTt of Sater engineering, M�	’s <etabolic potenIals enco<pass 
funcIons like eTopolysaccharide synthesis *, nitrogen, phosphorus and iron 
re<oval + and even <utualisIc interacIons a<ongst species ,. 

The <etabolic potenIal derived fro< M�	s is the iniIal step toSards aLaining a 
<echanisIc understanding of the physiology of co<<unity <e<bersw $A�A, Shat 
they do Sithin the co<<unity. �onstraint based <ethods like 0uT balance 
analysis {FB�|, provide tools to predict <etabolic funcIons and have been 
successfully applied to study <onocultures -�.. E,orts have been <ade to eTtend 
their applicaIons toSards understanding <etabolic interacIons &%�&&, resource 
allocaIon &', <icrobial biosynthesis &(, or even inferring funcIonal guilds &) fro< 
<icrobial co<<uniIes in ecology {Dillard, et al. &* eTplain and discuss the 
available <ethods <ore in depth|.  

TransiIoning fro< a <etabolic netSork to <etabolic 0uT predicIons reDuires 
addressing key assu<pIons regarding {i| ob9ecIve funcIons of the cells, {ii| 
considered constraints {or li<its| on intracellular reacIons and {iii| the chosen 
environ<ental condiIons for the si<ulaIons &+. �s the nu<ber of highvDuality 
M�	s conInues to groS, so does the nu<ber of <etabolic <odels ai<ing at 
predicIng co<<unity funcIons. HoSever, criIcally evaluaIng the feasibility of 
<etabolic pathSays in the speci.c environ<ental conteTt is crucial for accurately 
de.ning constraints on intracellular reacIons, thereby addressing assu<pIons ii 
and iii. �n this Sork Se propose an integrated Sork0oS that integrates eTisIng 
<ethodologies in constraintvbased <odelling and pathSay ther<odyna<ics to 
address these assu<pIons. �s a case study, Se apply this Sork0oS to criIcally 
assess the anaerobic <etabolic capabiliIes of the Sellvstudied co<<unity of 
Phosphate �ccu<ulaIng �rganis<s {P��s|.  

P��s are considered the <ain <icrobial group contribuIng to the enhanced 
biological phosphorus re<oval {EBPR| process and have been eTtensively studied 
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for <any decades &,�'%. �<ong the P��s, �CaA��ccu<ulibacter� has e<erged as a 
highly studied genus due to its co<pleT <etabolis< and role in the EBPR cycle. 
sCaA��ccu<ulibactert thrives by uIliVing a dyna<ic interplay of storage poly<ers, 
including polyphosphate, glycogen, and polyhydroTyalkanoates {PH�s|, in the 
alternaIng anaerobicuaerobic cycles of the EBPR ecosyste< '&. Despite nu<erous 
aLe<pts, pure cultures of this organis< are sIll lacking, e<phasiVing the criIcal 
i<portance of studying their M�	s for gaining insights into their contribuIon to 
the EBPR process. 

Several groups have proposed di,erent bioche<ical <odels that could eTplain 
the internal <etabolis< of sCaA��ccu<ulibacterEA Each of these <odels suggests 
uniDuely di,erent Says as to hoS sCaA �ccu<ulibactert obtains the reducing 
eDuivalents {N�DH| reDuired for storage of faLy acids as PH�s during anaerobic 
periods. �o<eau, et al. '' proposed that the co<plete tricarboTylic acid {T��| 
cycle is acIve anaerobically as a source of N�DH for the accu<ulaIon of 
polyhydroTybutyrate {PHB| {Figure 1.�|. Mino, et al. &, de<onstrated anaerobic 
depleIon of glycogen and suggested it as the source of N�DH by <eans of 
glycolysis {Figure 1.B|. Pereira, et al. '( <easured polyhydroTyvalerate {PH�| as 
Sell as PHB in EBPR sludge and proposed a <echanis< for its accu<ulaIon using 
both glycolysis and the T�� cycle, albeit Sith a secondary backv0uT through the 
qle2’ branch of the T�� cycle to balance N�DH producIon {Figure 1.�|. 
�onversely, Hessel<ann, et al. ') suggested a <odel including glycolysis and a split 
T�� cycle {Figure 1.D|, introducing the use of one of the anapleroIc reacIons 
{catalysing the conversion fro< pyruvate to oTaloacetate| Shile �agci, et al. '* 
introduced the concept of the glyoTylate shunt to bypass certain reacIons Sithin 
the T�� cycle {Figure 1.E|. BuroS, et al. '+ provided eTperi<ental evidence of the 
funcIoning of the glyoTylate shunt during the anaerobic phase of EBPR by using 
enVy<aIc inhibitors supporIng the <odel fro< �agci, et al. '*. �onversely, �hou, 
et al. ', provide evidence for acetate uptake Sithout glycogen use supporIng a 
full anaerobic T�� cycle. Modelling approaches such as 0uT balance analysis {FB�| 
on P��s have proposed sovcalled varying stoichio<etry {or <etabolic 0eTibility| 
Shich could eTplain the lack of consensus over all these proposed stoichio<etries 
'-.  
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driving force {MDF| opI<iVe the overall ther<odyna<ics driving force of a 
pathSay (+ Sithout presu<pIons on the reacIon irreversibiliIes. Thus, its 
co<binaIon Sith EFM� could hold the key for the idenI.caIon of the <ost 
probably stoichio<etries fro< a pathSay given a speci.c environ<ental conteTt.  

�n this Sork, Se analysed the anaerobic <etabolis< of P��s to illustrate a 
syste<aIc <ethodology for deriving consistent <etabolic insights fro< M�	s. 
�e assess the <etabolic potenIal in central carbon <etabolis< of nineteen high 
Duality M�	s of sCaA��ccu<ulibactert species by e<ploying EFM� and highlight 
di,erences a<ongst these species. Further, Se deter<ine Shich potenIal 
<etabolic 0uT <odels contribute to the <ost feasible <odel soluIons during the 
anaerobic uptake and storage of acetate into PH�s.  

 

��!#�"!(

The �ore meta�oli� mo�el o� :���� A��0m0li�a�ter; is not 
�onser1e� amon st s)e�ies 
�e built a <etabolic <odel based on all previous reports on the <etabolis< of 
P��s. This <odel included all the reacIons involved in polyphosphate and 
glycogen degradaIon, PH� synthesis, glycolysis, T�� cycle, glyoTylate shunt and 
anapleroIc reacIons {Figure 2.�|. PH�s are <odelled as polyvhydroTybutyrate 
{PHB| and hydroTy 2v<ethylvvalerate {PH2M�| as a proTy to disInguish PH�s 
resulIng fro< either acetyl �o� or propionyl �o�. 

�e con.r<ed the presence of the genes related to the <odel in the available 
M�	s for DCaA �ccu<ulibactert species {species considered in Table S2|. The 
analysis revealed the absence of genes associated Sith the glyoTylate shunt and 
anapleroIc reacIons in so<e species {Figure 2.B.|. Speci.cally, the <a9ority of 
M�	s analysed lacked the gene coding for <alic enVy<e {(a'�|. �ddiIonally, 
Shile all analysed M�	s possessed the gene for phosphoenolpyruvate 
carboTykinase {,�,�&|, so<e M�	s did not contain the gene for 
phosphoenolpyruvate carboTylase {,�,�|. �n other Sords, so<e species of sCaA�
�ccu<ulibactert lack the pair ,�,�F,�,�&, and the <a9ority lack the enVy<e 
(a'�A� 
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��iigg..rree  CC7 ��!em�ti� represent�tion o� t!e proposed met�bo%i� tr�ns�orm�tions in P��s d.ring t!e 
�n�erobi� .pt�$e o� ��et�te over time ��������7 

This apparent co<pleTity {and hence lack of consensus| for understanding the 
transfor<aIons in central carbon <etabolis< during the anaerobic uptake of 
acetate shoScases the need for syste<aIc revevaluaIon of potenIal 
stoichio<etries and reacIon li<itaIons Sithin a given environ<ental conteTt. 
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the genus sCaA��ccu<ulibactert Sere assigned, and a general co<parison Sas 
<ade on the di,erence in potenIal <etabolic guilds harvested in these neSly 
available M�	s. 

Stoichio<etric <odelling si<ply calculates the stoichio<etries of a netSork Shile 
balancing the producIon and consu<pIon of <etabolites w $A�A>�<aintaining 
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stoichio<etries (%, ele<entary 0uT <ode analysis {EFM�| is a poSerful tool that 
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given <etabolic netSork (&�('. FluT <odes can be especially strong Shen dealing 
Sith highly interSoven <etabolic netSorks {such as central carbon <etabolis<| 
and has been fa<ously applied to understand the T�� cycle as <uch <ore than 
9ust energy generaIon ((. The high nu<ber of 0uT <odes possible fro< a 
<etabolic netSork {due to its co<binatorial e,ect| severely li<its its applicaIon.  

�pproaches to .lter {or <ini<iVe| 0uT <odes fro< a netSork are based on 
supposed irreversibiliIes fro< individual reacIons ()�(*. Nevertheless, the a��#+� 
de.niIon of reacIon irreversibiliIes neglects the conteTt of the given reacIon w 
$A�A>�the <etabolic condiIons in Shich it is happening and its relaIve contribuIon 
to the overall pathSay stoichio<etry. �n contrast, <ethods such as the <aTv<in 
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co<binaIon Sith EFM� could hold the key for the idenI.caIon of the <ost 
probably stoichio<etries fro< a pathSay given a speci.c environ<ental conteTt.  

�n this Sork, Se analysed the anaerobic <etabolis< of P��s to illustrate a 
syste<aIc <ethodology for deriving consistent <etabolic insights fro< M�	s. 
�e assess the <etabolic potenIal in central carbon <etabolis< of nineteen high 
Duality M�	s of sCaA��ccu<ulibactert species by e<ploying EFM� and highlight 
di,erences a<ongst these species. Further, Se deter<ine Shich potenIal 
<etabolic 0uT <odels contribute to the <ost feasible <odel soluIons during the 
anaerobic uptake and storage of acetate into PH�s.  
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The �ore meta�oli� mo�el o� :���� A��0m0li�a�ter; is not 
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�e built a <etabolic <odel based on all previous reports on the <etabolis< of 
P��s. This <odel included all the reacIons involved in polyphosphate and 
glycogen degradaIon, PH� synthesis, glycolysis, T�� cycle, glyoTylate shunt and 
anapleroIc reacIons {Figure 2.�|. PH�s are <odelled as polyvhydroTybutyrate 
{PHB| and hydroTy 2v<ethylvvalerate {PH2M�| as a proTy to disInguish PH�s 
resulIng fro< either acetyl �o� or propionyl �o�. 

�e con.r<ed the presence of the genes related to the <odel in the available 
M�	s for DCaA �ccu<ulibactert species {species considered in Table S2|. The 
analysis revealed the absence of genes associated Sith the glyoTylate shunt and 
anapleroIc reacIons in so<e species {Figure 2.B.|. Speci.cally, the <a9ority of 
M�	s analysed lacked the gene coding for <alic enVy<e {(a'�|. �ddiIonally, 
Shile all analysed M�	s possessed the gene for phosphoenolpyruvate 
carboTykinase {,�,�&|, so<e M�	s did not contain the gene for 
phosphoenolpyruvate carboTylase {,�,�|. �n other Sords, so<e species of sCaA�
�ccu<ulibactert lack the pair ,�,�F,�,�&, and the <a9ority lack the enVy<e 
(a'�A� 
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�1�%o��et�te7 �!ese re��tions �re ��t�%ysed by t!e indi��ted en3ymes: P�P<��rbo1y$in�se =pep�$>5 
P�P<��rbo1y%�se =pep�> �nd m�%i� en3yme =m�%�>7  ==��>> �.n�tion�% potenti�% present in t!e ���s o� 
9C�7 ���.m.%ib��ter: spe�ies re%�ted to t!e presen�e =�i%%ed> or �bsen�e =empty> o� t!e genes 
invo%ved in �n�p%eroti� re��tions �nd;or g%yo1y%�te s!.nt re��tions o� �entr�% ��rbon met�bo%ism7 
���s �re sep�r�ted b�sed on t!eir �orresponding types =�%so re�erred to �s �%�des>7  

Elementary �l03 �o�es Analysis ?E��A@ re1eals more than HCC 
)ossi�le meta�oli� mo�el sol0-ons to e3)lain the anaero�i� 
meta�olism o� :����A��0m0li�a�ter; 
�e conducted EFM� on the <etabolic <odel of P��s. This resulted in individual, 
ele<entary 0uT <odes {EFM|, each of Shich contains the 0uTes for every reacIon 
such that <etabolites are balanced. Thus, each EFM is a uniDue <etabolic <odel 
soluIon that represents a speci.c, balanced phenotype. Here, Se narroSed the 
EFMs to only soluIons that enco<passed both acetate uptake and PH� 
accu<ulaIon since this represents the observed <etabolis< during the 
anaerobic phase of EBPR. This selecIon resulted in �00 uniDue <etabolic <odel 
soluIons. �ith these �00 soluIons, �00 sets of yield coe/cients are obtained 
{Figure �|.  

�<ong these soluIons, Se idenI.ed 0uT distribuIons that have been previously 
proposed in the literature, including studies by �o<eau, et al. '', Mino, et al. '&, 
Hessel<ann, et al. ') and �agci, et al. '* {highlighted in Figure �|. The soluIon 
corresponding to the <odel proposed by Pereira, et al. '( could not be idenI.ed 
since the double net 0uT of reacIons in the T�� cycle is <athe<aIcally not 
possible. Notably, the range of soluIons obtained Sith EFM� is <uch Sider than 
that of the proposed <odels alone, suggesIng a potenIally greater 0eTibility in 
ter<s of polyphosphateuglycogen uIliVaIon, PH� accu<ulaIon, and even ��' 
incorporaIon.  
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��iigg..rree  DD77  ==��>> ��!em�ti� represent�tion o� t!e P��s met�bo%i� mode% .sed in t!is rese�r�!7 =
e�t> 
�ode% s�!em�ti� in�%.ding �%% re��tions �s reversib%e e1�ept �or re��tions degr�ding g%y�ogen =�%y�>5 
po%yp!osp!�te =Po%yP>5 ��et�te .pt�$e �nd po%y!ydro1y�%$�no�te =P	�s> ���.m.%�tion7 �e��tion 
n�mes 0ere given to e��! re��tion �nd is indi��ted in it�%i�s ne1t to e��! �rro07  =�ig!t> C%oser 
inspe�tion into t!e �n�p%eroti� ro.tes �onne�ting p!osp!oeno%pyr.v�te or pyr.v�te 0it! m�%�te or 
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�1�%o��et�te7 �!ese re��tions �re ��t�%ysed by t!e indi��ted en3ymes: P�P<��rbo1y$in�se =pep�$>5 
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invo%ved in �n�p%eroti� re��tions �nd;or g%yo1y%�te s!.nt re��tions o� �entr�% ��rbon met�bo%ism7 
���s �re sep�r�ted b�sed on t!eir �orresponding types =�%so re�erred to �s �%�des>7  

Elementary �l03 �o�es Analysis ?E��A@ re1eals more than HCC 
)ossi�le meta�oli� mo�el sol0-ons to e3)lain the anaero�i� 
meta�olism o� :����A��0m0li�a�ter; 
�e conducted EFM� on the <etabolic <odel of P��s. This resulted in individual, 
ele<entary 0uT <odes {EFM|, each of Shich contains the 0uTes for every reacIon 
such that <etabolites are balanced. Thus, each EFM is a uniDue <etabolic <odel 
soluIon that represents a speci.c, balanced phenotype. Here, Se narroSed the 
EFMs to only soluIons that enco<passed both acetate uptake and PH� 
accu<ulaIon since this represents the observed <etabolis< during the 
anaerobic phase of EBPR. This selecIon resulted in �00 uniDue <etabolic <odel 
soluIons. �ith these �00 soluIons, �00 sets of yield coe/cients are obtained 
{Figure �|.  

�<ong these soluIons, Se idenI.ed 0uT distribuIons that have been previously 
proposed in the literature, including studies by �o<eau, et al. '', Mino, et al. '&, 
Hessel<ann, et al. ') and �agci, et al. '* {highlighted in Figure �|. The soluIon 
corresponding to the <odel proposed by Pereira, et al. '( could not be idenI.ed 
since the double net 0uT of reacIons in the T�� cycle is <athe<aIcally not 
possible. Notably, the range of soluIons obtained Sith EFM� is <uch Sider than 
that of the proposed <odels alone, suggesIng a potenIally greater 0eTibility in 
ter<s of polyphosphateuglycogen uIliVaIon, PH� accu<ulaIon, and even ��' 
incorporaIon.  
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indicated the highest energy dissipaIon Sith MDF values above � kJu<ol������� 
{Figure �.� and Figure �B for <odel operaIons Sith an MDF of �.�� kJu<ol�������|. 
�ll these soluIons include either the co<binaIon of ,�,�F,�,�& or the 
co<binaIon of ,�,� Sith (a'�. Notably, all these <etabolic <odel soluIons 
result in the sa<e yield coe/cients for glycogen degradaIon <atching that of 
PH2M� accu<ulaIon and no PHB accu<ulaIon. 

 

��iigg..rree  FF77  ==��>> � s0�rm p%ot disp%�ying t!e distrib.tion o� t!e �inim�% �riving �or�e =���> ��!ieved 
by �%% IBB met�bo%i� mode% so%.tions7 �!e ��� res.%ts b�sed on t!e mode%s proposed by Come�.5 
et �%7 ��5 �ino5 et �%7 ��5 	esse%m�nn5 et �%7 �� �nd ��g�i5 et �%7 �� �re !ig!%ig!ted in distin�t �o%o.rs 
�nd si3es7 ==��>> �%.1 m�ps 0it! !ig!est ��� o� I7FH $�; mo%�������7 �mong t!e top met�bo%i� mode% 
so%.tions5 0e s!o0��se t!ree �%.1 m�ps o.t o� � tot�% o� si17 �!e si1 top met�bo%i� mode%s pert�in to 
t!ree so%.tion p�irs5 e��! 0it! �nd 0it!o.t po%yp!osp!�te degr�d�tion =b.t so%.tions 0it! t!e s�me 
�ombin�tion o� re��tions>7 �ote t!�t po%yp!osp!�te degr�d�tion 0�s e1�%.ded �rom t!e 
t!ermodyn�mi� �n�%ysis d.e to t!e !ig! .n�ert�inty o� t!e 4��� o� t!is po%ymer7 

De)en�en�y o� rea�-on �easi�ility on the NAD
<NADM ra-o 
The ther<odyna<ic driving force of each <etabolic <odel soluIon Sas the result 
of a co<binaIon of the individual reacIon’s a�	’. Depending on the set of acIve 
reacIons in each EFM, a speci.c reacIon can either be ther<odyna<ically 
feasible or infeasible. The reason for this observaIon is coupling of reacIons via 
shared <etabolites, Shich <ake the syste< <ore or less constrained depending 
on the EFM. Speci.c reacIons consistently eThibited high infeasibiliIes {a�	’ � 0| 
across <ulIple EFMs. Figure 5 represents an overvieS of the achieved a�	’ values 
for each reacIon on both the forSard and, Shen applicable, reverse direcIons in 
all �00 EFMs {see also �a�'���N for detailed infor<aIon on stoichio<etry of each 
reacIon and the forSard and reverse operaIon|.  

ReacIons that consistently displayed ther<odyna<ic infeasibiliIes include "'�R>�
"'�S>�0�aT,� 0�aU>�,�,�>�,#aN�a)��,#aQ� in the forSard direcIon {Figure 5�| and 
"'�NM>�0�aN>�0�aO>�0�aP>�0�aQ>�0�aR>�,�,�&>�$�'>�('/�and�(a'��in the reverse direcIon 
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��iigg..rree  EE7 �ode% yie%ds o� g%y�ogen �nd po%yp!osp!�te .se5 C�� prod.�tion �nd P	� �nd P	D�� 
synt!esis =mo%e> per mo%e o� ��et�te �ons.med in t!e met�bo%i� mode% o� P��s7 �!e vio%in p%ots 
i%%.str�te t!e distrib.tion o� stoi�!iometri� v�%.es b�sed on IBB .ni*.e so%.tions7 P.b%is!ed so%.tions 
�rom previo.s st.dies by Come�.5 et �%7 ��5 �ino5 et �%7 ��5 	esse%m�nn5 et �%7 �� �nd ��g�i5 et �%7 �� 
�re indi��ted by di��erent%y �o%o.red �ir�%es �nd %ines7 �eg�tive stoi�!iometries indi��te t!e reverse 
dire�tion o� t!e proposed re��tions5 s.�! �s t!e prod.�tion or �ons.mption o� C�� 0it!in t!e 
di��erent so%.tions7 

A small s0�set o� the meta�oli� mo�el sol0-ons is 
thermo�ynami�ally �easi�le 
To further reduce the �00 <etabolic <odel soluIons, the ther<odyna<ic 
feasibility of each soluIon Sas evaluated by <eans of calculaIng the MDF. The 
MDF algorith< <aTi<iVes the driving force {de.ned as the <aTi<u< v a�	’ for 
each reacIon| of a given <etabolic <odel soluIon (+ {see Materials and 
Methods|. MDF suggests that only 20.� � of the �00 <etabolic <odel soluIons 
result in a ther<odyna<ically feasible pathSay, $A�A all individual <etabolic 
reacIons proceed in the reDuired direcIon Sith a negaIve a�	’ {Figure ��|. The 
<odels proposed by Mino, et al. '&, Hessel<ann, et al. ') and �agci, et al. '* are 
Sithin the feasible soluIons. Nevertheless, these proposed <odels shoS an MDF 
value close to eDuilibriu< {MDF of 1.1�, 1.� and 0.1� kJu<ol������� respecIvely|. �n 
contrast, for the <odel proposed by �o<eau, et al. '' no ther<odyna<ically 
feasible soluIon {MDF � v�.0� kJu<ol�������| Sas found. 

The obtained 1�� ther<odyna<ically feasible <etabolic <odel soluIons can be 
further reduced considering that a signi.cant dissipaIon of energy is reDuired to 
obtain a signi.cant reacIon rate. Fro< the current soluIons, � <etabolic <odels 
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indicated the highest energy dissipaIon Sith MDF values above � kJu<ol������� 
{Figure �.� and Figure �B for <odel operaIons Sith an MDF of �.�� kJu<ol�������|. 
�ll these soluIons include either the co<binaIon of ,�,�F,�,�& or the 
co<binaIon of ,�,� Sith (a'�. Notably, all these <etabolic <odel soluIons 
result in the sa<e yield coe/cients for glycogen degradaIon <atching that of 
PH2M� accu<ulaIon and no PHB accu<ulaIon. 
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t!ermodyn�mi� �n�%ysis d.e to t!e !ig! .n�ert�inty o� t!e 4��� o� t!is po%ymer7 

De)en�en�y o� rea�-on �easi�ility on the NAD
<NADM ra-o 
The ther<odyna<ic driving force of each <etabolic <odel soluIon Sas the result 
of a co<binaIon of the individual reacIon’s a�	’. Depending on the set of acIve 
reacIons in each EFM, a speci.c reacIon can either be ther<odyna<ically 
feasible or infeasible. The reason for this observaIon is coupling of reacIons via 
shared <etabolites, Shich <ake the syste< <ore or less constrained depending 
on the EFM. Speci.c reacIons consistently eThibited high infeasibiliIes {a�	’ � 0| 
across <ulIple EFMs. Figure 5 represents an overvieS of the achieved a�	’ values 
for each reacIon on both the forSard and, Shen applicable, reverse direcIons in 
all �00 EFMs {see also �a�'���N for detailed infor<aIon on stoichio<etry of each 
reacIon and the forSard and reverse operaIon|.  

ReacIons that consistently displayed ther<odyna<ic infeasibiliIes include "'�R>�
"'�S>�0�aT,� 0�aU>�,�,�>�,#aN�a)��,#aQ� in the forSard direcIon {Figure 5�| and 
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��iigg..rree  GG77 �o1p%ot distrib.tion o� t!e ��%�.%�ted 4��8 �or e��! re��tion b�sed on t!e IBB �%ement�ry 
�%.1 �odes =���> so%.tions �nd respe�tive �inim�% �riving �or�e =���> optimi3�tion7 ��r$ �nd 
%ig!t b%.e indi��te di��erent ���	;���� r�tios t!�t 0ere �i1ed �or t!e ��� �n�%ysis sim.%�ting 
�!�nges �rom �erobi� to �n�erobi� �onditions respe�tive%y7 �istrib.tion o� t!e re��tions in ==��>> 
�or0�rd or ==��>> reverse oper�tion7 �bsent bo1p%ot indi��tes t!�t t!e re��tion in its given oper�tion 
does not �ontrib.te to t!e so%.tion sp��e o� t!e mode%7  

 

��!�#!!���(

�ri� in  meta enomi�s 2ith meta�oli� �0n�-on )re�i�-ons  
This research paper presents an integrated Sork0oS designed to eTtract feasible 
<etabolic predicIons Sithin a speci.c environ<ental conteTt fro< a M�	’s 
<etabolic <odel. This syste<aIc analysis serves as a crucial step toSards 
transiIoning fro< descripIve studies in <icrobio<e research toSards <ore 
<echanisIc and predicIve studies, also called ecovsyste<s fra<eSorks (-�(.. �ith 
the increasing availability of high Duality M�	s, research has rapidly focused on 
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{Figure 5B|. Thus, these reacIons {in the indicated direcIon| contribute to the 
infeasibility of the soluIons Shere these reacIons are included. �onversely, 
reacIons that consistently eThibited negaIve a�	’values include 0�aN>� 0�aO>�
,�,�&>�('/>��a'�>�,#aP>�,#aR�and ,#aS in the forSard direcIon and 0�aT>�0�aU 
and ,�,��in the reverse direcIon, indicaIng their strong contribuIon to feasible 
netSorks.  

The MDF opI<iVaIon Sas further constrained to re0ect eTpected changes in the 
raIo of N�DHuN�D/ Shen considering anaerobic vs aerobic condiIons (, to 
shoScase the li<itaIons posed under anaerobic condiIons. For this analysis, Se 
.Ted the N�DHuN�D/ raIo to be 0.1 and 10 Shich re0ects the change in this raIo 
betSeen aerobic and anaerobic condiIons. �ith these .Ted values, Se 
perfor<ed MDF and represented the distribuIon of a�	’ under each condiIon 
{Figure 5|. This <odi.caIon led to changed a�	’ distribuIons for reacIons 
involving oTidaIon or reducIon of N�D{H|. Speci.cally, reacIons generaIng 
N�DH resulted in higher a�	’ values leading to potenIal infeasibiliIes. Notably, 
reacIons "'�S, 0�aT�and�0�aU�running in forSard direcIon {Figure 5�| Sere the 
strongest a,ected by the change in the N�DHuN�D/ since their a�	’ beca<e <ore 
posiIve at a higher raIo potenIally indicaIng their {even stronger| infeasibility 
under anaerobic condiIons. 
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Physiolo i�al �i�eren�es amon st :����A��0m0li�a�ter; s)e�ies  
�e applied our Sork0oS to sCaA��ccu<ulibactert species since these organis<s 
have been vastly studied and recently an eTponenIal groSth in the available 
geno<es has beco<e available '.. �n contrast to previous studies, Shich focused 
on .nding q0#���+..��0C�stoichio<etry for anaerobic acetate uptake in P��s, our 
analysis provides a holisIc analysis of underlying <etabolic potenIal Sithin a 
basic <odel of central carbon <etabolis<. Building upon the concept of 
q<etabolic 0eTibility’ proposed by da Silva, et al. '- for P��s, Se e<phasiVe the 
idea of understanding <etabolis< in a nonvlinear <anner, Shere <ulIple 
<etabolic branches {here seen as nodes| can coeTist. HoSever, the absence of 
essenIal genes in a netSork can li<it this q0eTibility’ and <ay indicate di,erences 
in the ecological niches of individual sCaA��ccu<ulibactert species. 

�ne notable observaIon Shen co<paring the M�	s of sCa��ccu<ulibactert 
species Sas the absence of the anapleroIc route enVy<e (a'� in al<ost all 
studied species, and the ,�,�F,�,�& pair in certain species {Figure 2.B|. �e found 
that the presence of these reacIons {especially their co<binaIon| contributed 
to the highest driving forces of the <etabolic <odels {Figure �.B|. This suggests 
that the species lacking (a'� anduor the pair ,�,�&F,�,� <ay be <ore 
ther<odyna<ically li<ited and Sould eThibit a considerably loSer 0eTibility 
during anaerobic substrate uptake. �n the other hand, the species sCaA�
�ccu<ulibacter cognatust, sCaA� �ccu<ulibacter propinDuust, sCaA�
�ccu<ulibacter regalist and sCaA� �ccu<ulibacter appositust eThibited the 
co<plete geneIc potenIal for the <odel studied, indicaIng both stoichio<etric 
and ther<odyna<ic 0eTibility during anaerobic substrate uptake.  

Further<ore, it is i<portant to note that (a'��and ,�,�F,�,�& play crucial roles 
in controlling 0uT fro< the T�� cycle toSards gluconeogenesis, replenishing 
bacterial glycogen reserves *). Therefore, Shile our research focused on the 
anaerobic uptake of acetate, the absence of these enVy<es could have broader 
conseDuences during aerobic conversions of DCaA��ccu<ulibactert that have not 
been assessed. Previous studies have shoSn that the lack of (a'� leads to 
i<balanced <etabolic rates, altered storage reserves ** and substanIal reducIon 
of groSth yields *+. Si<ilarly, the ,�,�F,�,�& pair has been shoSn to parIcipate 
in fuIle cycles in �/�#�.$�#$a��+'$ *,. �verall, a beLer understanding of the absence 
of these genes through the co<plete EBPR anaerobicuaerobic cycle is needed.  
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assigning <etabolic funcIons to given species based on gene presenceuabsence 
'�+�)%�)( and, in li<ited cases, integraIng <ulIvo<ic data ))�)-. �e e<phasiVe the 
i<portance of sub9ecIng <etabolic netSorks to criIcal eTa<inaIon Sithin the 
speci.c environ<ental conteTt of the co<<unity, aided by <odelling tools like 
those presented in this Sork, to evaluate all potenIal funcIonaliIes of 
co<<unity <e<bers in a consistent <anner. This essenIal step precedes the 
integraIon of <ulIvspecies <etabolic <odels ai<ed at predicIng {or even 
engineering| <icrobial co<<uniIes.  

	eneraIng <etabolic <odels fro< M�	s is beco<ing easierm <ore advanced, 
auto<ated tools are developed and support <odel construcIon fro< 
<etageno<es ).�*&. HoSever, cauIon <ust be taken Shen perfor<ing 
si<ulaIons on <etabolis<. �e have shoScased 9ust hoS diverse the possible 
soluIons to a si<ple <etabolic <odel can be {by e<ploying EFM�| and <ore 
i<portantly hoS <any of these potenIal soluIons represent ther<odyna<ic 
infeasibiliIes {by using MDF analysis|. �ur approach adds a generaluuniversal test 
on the stoichio<etric soluIons w universal as ther<odyna<ics are calculated for 
all possible netSork soluIons {reacIon co<binaIons| and do not rely on a 
speci.c assu<pIons on one  reacIon or only on energy generaIon cycles *' as 
done Sith tools such as "a,G/�- or Ca.5���. 

The analysis presented in this paper faces tSo li<itaIons related to input data. 
Firstly, <etavo<ic data fro< environ<ental sa<ples {due to its inherent 
co<pleTity| poses challenges on seDuence co<pleteness. Even assu<ing 
co<plete M�	s, Se are li<ited to studying <etabolic reacIons Sith docu<ented 
descripIons, leaving out <any potenIal genesuenVy<es not catalogued in 
databases. For instance, it is esI<ated that in the geno<e of �/�#�.$�#$a��+'$�the 
funcIon of �5 � of coding seDuences is unknoSn *(|. The for<er is a technical 
li<itaIon that can be overco<e Sith beLer Duality data. Thus Se reco<<end 
the applicaIon of this Sork0oS Sith con.dence on M�	s generated co<bining 
both short and long read seDuencing data {as de<onstrated in Singleton, et al. '|. 
�onversely, the laLer li<itaIon persists beyond the advance<ents of current 
o<icvtechniDues. Metageno<ics, <etatranscripto<ics and <etaproteo<ics are 
insu/cient to address funcIonality of coding seDuences. To uncover novel 
funcIons Sithin organis<s, a di,erent approach <ust be taken. The co<binaIon 
of <etabolic <odelling predicIons Sith eTperi<ental validaIon could be 
poSerful in indicaIng hoS $)�+(,'�0� our statevofvart knoSledge on <etabolis< 
is. 
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Physiolo i�al �i�eren�es amon st :����A��0m0li�a�ter; s)e�ies  
�e applied our Sork0oS to sCaA��ccu<ulibactert species since these organis<s 
have been vastly studied and recently an eTponenIal groSth in the available 
geno<es has beco<e available '.. �n contrast to previous studies, Shich focused 
on .nding q0#���+..��0C�stoichio<etry for anaerobic acetate uptake in P��s, our 
analysis provides a holisIc analysis of underlying <etabolic potenIal Sithin a 
basic <odel of central carbon <etabolis<. Building upon the concept of 
q<etabolic 0eTibility’ proposed by da Silva, et al. '- for P��s, Se e<phasiVe the 
idea of understanding <etabolis< in a nonvlinear <anner, Shere <ulIple 
<etabolic branches {here seen as nodes| can coeTist. HoSever, the absence of 
essenIal genes in a netSork can li<it this q0eTibility’ and <ay indicate di,erences 
in the ecological niches of individual sCaA��ccu<ulibactert species. 

�ne notable observaIon Shen co<paring the M�	s of sCa��ccu<ulibactert 
species Sas the absence of the anapleroIc route enVy<e (a'� in al<ost all 
studied species, and the ,�,�F,�,�& pair in certain species {Figure 2.B|. �e found 
that the presence of these reacIons {especially their co<binaIon| contributed 
to the highest driving forces of the <etabolic <odels {Figure �.B|. This suggests 
that the species lacking (a'� anduor the pair ,�,�&F,�,� <ay be <ore 
ther<odyna<ically li<ited and Sould eThibit a considerably loSer 0eTibility 
during anaerobic substrate uptake. �n the other hand, the species sCaA�
�ccu<ulibacter cognatust, sCaA� �ccu<ulibacter propinDuust, sCaA�
�ccu<ulibacter regalist and sCaA� �ccu<ulibacter appositust eThibited the 
co<plete geneIc potenIal for the <odel studied, indicaIng both stoichio<etric 
and ther<odyna<ic 0eTibility during anaerobic substrate uptake.  

Further<ore, it is i<portant to note that (a'��and ,�,�F,�,�& play crucial roles 
in controlling 0uT fro< the T�� cycle toSards gluconeogenesis, replenishing 
bacterial glycogen reserves *). Therefore, Shile our research focused on the 
anaerobic uptake of acetate, the absence of these enVy<es could have broader 
conseDuences during aerobic conversions of DCaA��ccu<ulibactert that have not 
been assessed. Previous studies have shoSn that the lack of (a'� leads to 
i<balanced <etabolic rates, altered storage reserves ** and substanIal reducIon 
of groSth yields *+. Si<ilarly, the ,�,�F,�,�& pair has been shoSn to parIcipate 
in fuIle cycles in �/�#�.$�#$a��+'$ *,. �verall, a beLer understanding of the absence 
of these genes through the co<plete EBPR anaerobicuaerobic cycle is needed.  
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��iigg..rree  HH77 �ede�inition o� t!e P��s met�bo%i� mode% �or �n�erobi� .pt�$e o� ��et�te �nd 
���.m.%�tion o� P	�s7 ��!eme represents t!e re��tions =grey �rro0s> �onne�ting met�bo%ites 
p�rti�ip�ting in �entr�% ��rbon met�bo%ism7 ��sed on t!ermodyn�mi� �n�%ysis5 e��! re��tion o� t!e 
p�t!0�y !�s been de�ined �s �e�sib%e =0!en 4��8 N B$�;mo%�������>5 irreversib%e =0!en t!e reverse 
re��tion �o.%d �ontrib.te to t!e stoi�!iometry5 b.t it8s 4��8 O B $�;mo%��et�te> or bott%ene�$ =0!en 
4��8 O B $�;mo%������� b.t no ot!er �%tern�tives �re possib%e>7  

The noIon that the full anaerobic T�� cycle can occur to generate enough N�DH 
for the accu<ulaIon of PH�s is highly debated in literature. �t the centre of this 
debate lies succinate dehydrogenase {reacIon�0�aR�in our netSork|, a <e<brane 
bound enVy<e that transfers the electrons fro< succinate to F�DH.  �n the 
absence of a strong electron acceptor {like oTygen|, it�s ther<odyna<ically 
i<possible to transfer these electrons to N�DH. �e <odelled this reacIon Sith 
N�DH rather than F�DH, lu<ping the overall transfer of electrons fro< succinate 
to F�DH, to the Duinone pool and .nally to N�DH, and con.r< the 
ther<odyna<ic i<possibility of this reacIon {Figure 5|. So<e theories suggest 
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�e�e�nin  the anaero�i� meta�oli� )oten-al o� �����
A��0m0li�a�ter; 
Decades of research into P�� bioche<istry have led to the progressive 
proposiIon of individual <odels to eTplain the anaerobic uptake of acetate. Here 
Se eTa<ine individual <odel operaIons proposed over the years in the conteTt 
of our results and propose an updated <etabolic <odel for the anaerobic uptake 
of acetate in sCaA��ccu<ulibactert.  

Firstly, the stoichio<etric analysis aided by EFM� resulted in �00 possible uniDue 
<etabolic <odel soluIons to the <odel {Figure �|. This nu<ber of possible 
stoichio<etries eTplains the lack of consensus on the proposed <odel operaIons 
over the years. �e found that the suggested operaIons by �o<eau, et al. '', 
Mino, et al. '&, Hessel<ann, et al. ') and �agci, et al. '* are indeed 
stoichio<etrically possible. HoSever, the <odel proposed by '( did not appear in 
these soluIonsm since this <odel suggests the si<ultaneous operaIon of the 
forSard and reverse direcIon of a porIon of the T�� cycle {see Figure 1|, Shich 
as a net 0uT is i<possible. EFM� can therefore aid to idenIfy .rstvhand the 
possible operaIons of a <etabolic <odel, Sithout depending on eTperi<ental 
observaIons.  

EFM� generated �00 <etabolic <odel soluIons, of Shich 21 � Sere also 
ther<odyna<ically feasible. Many of these soluIons, hoSever, operate close to 
ther<odyna<ic eDuilibriu<. The <odel soluIons Sith the highest 
ther<odyna<ic feasibility <ade use of a split T�� cycle together Sith an 
addiIonal cycle using either ,�,�F,�,�& or ,�,�F(a'�� {Figure �.B|. These 
soluIons result in an MDF of <ore than � kJu<ol�������, by <eans of converIng all 
the carbon fro< acetate to ��', leading to the high energy dissipaIon of the 
syste<. By integraIng the distribuIon of each individual reacIon’s a�	’ values 
under anaerobic condiIons {Figure 5|, Se outline the <etabolic <odel for sCaA 
�ccu<ulibactert in Figure �, highlighIng reacIons that represent strong 
ther<odyna<ic infeasibiliIes. BeloS Se discuss on the i<plicaIons of speci.c 
reacIons on the <odel for sCaA��ccu<ulibactert. 
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4��8 O B $�;mo%������� b.t no ot!er �%tern�tives �re possib%e>7  

The noIon that the full anaerobic T�� cycle can occur to generate enough N�DH 
for the accu<ulaIon of PH�s is highly debated in literature. �t the centre of this 
debate lies succinate dehydrogenase {reacIon�0�aR�in our netSork|, a <e<brane 
bound enVy<e that transfers the electrons fro< succinate to F�DH.  �n the 
absence of a strong electron acceptor {like oTygen|, it�s ther<odyna<ically 
i<possible to transfer these electrons to N�DH. �e <odelled this reacIon Sith 
N�DH rather than F�DH, lu<ping the overall transfer of electrons fro< succinate 
to F�DH, to the Duinone pool and .nally to N�DH, and con.r< the 
ther<odyna<ic i<possibility of this reacIon {Figure 5|. So<e theories suggest 
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reacIon "'�S is the only alternaIve in the current <etabolic <odel to carry 0uT 
fro< glucose toSards loSer glycolysis. Further research <ust be done to eTplore 
Seather ther<odyna<ic qtricks’ eTist to enable this reacIon to occur or even if 
di,erent, yet unknoSn, glycolyIc routes are acIve in P��s anaerobically. �n the 
other hand, the reacIons ,#aN and ,#aQ involved in the synthesis of PH�s are 
i<<ediately folloSed by tSo reacIons {,#aO�and�,#aP� for PHB and�,#aR�and�
,#aS� for PH2M�| Sith very high ther<odyna<ic driving force {Figure 5|. 
�lthough this process has not been studied for PH� synthesis, a very si<ilar set 
of reacIons to ,#aN in archaea {acetoacetylv�o� thiolase| catalyVe a si<ilarly 
ther<odyna<ically quphill’ reacIon connected to qdoSnhill’ reacIons. �Bgeli, et 
al. +- found evidence that substrate channeling via enVy<e co<pleTes eTists and 
could eTplain the pathSay to occur despite this boLleneck. � si<ilar <echanis< 
could be at play in sCaA� �ccu<ulibactert since PH� synthesis is observed 
anaerobically.  

�t is i<portant to note that our ther<odyna<ic analysis only considers 
intracellular <etabolic reacIons and eTcludes eTchange reacIons and reacIons 
involved in poly<eric synthesis or degradaIon. The ther<odyna<ics of eTchange 
reacIons {for eTa<ple, acetate uptake, phosphate eTport, etc.| not dependent on 
<etabolic netSork control. �n the other hand, poly<ers are substances that are 
not co<pletely in aDueous soluIon as a typical <etabolite is {hence they can be 
a��4(4'a0�� to eTtre<ely high a<ounts|. Thus, the incorporaIon of poly<ers 
and their �+)��)0.a1+)C/� contribuIon to a reacIon’s ther<odyna<ic driving 
force reDuires a deeper physical understanding of poly<ers as a Shole. Further 
research should be done to understand the co<pleTity that di,erent kinds of 
poly<ers contribute to <etabolic reacIons.  

Tra�e=o�s �et2een stoi�hiometri� yiel� an� thermo�ynami� 
�easi�ility 
The <etabolic <odel soluIons that resulted in the highest MDF {Figure �.B| 
released the carbon fro< acetate as ��'�and for<ed the <ore reduced for< of 
PH� {$A�A PH2M�|. The PH2M� accu<ulated in these soluIons ca<e directly fro< 
the a<ount of glycogen degraded. �lthough these soluIons are 
ther<odyna<ically the <ost feasible, they Sill result in very poor groSth yields 
since none of the acetate accu<ulates as PH�s. This leads to an interesIng 
relaIonship betSeen ther<odyna<ic e/ciency {proporIonal to the rate| vs the 
stoichio<etric e/ciency {$A�A�yield|. This apparent relaIonship ste<s fro< the 
tradevo, betSeen either converIng acetate into ��' to gain driving force {and 
thus uptake rates| against conserving the acetate into PHB that later can be used 
to groS <ore e/ciently {i<prove bio<ass yields|. Such tradevo, betSeen rate 
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succinatevtovfu<arate conversion could occur through a novel cytochro<e bub� 
fusion protein *- or electron bifurcaIon <echanis<s *.. HoSever, aLe<pts at 
assessing this acIvity have failed +%. Future Sork could be done using this <odel 
fra<eSork to study these alternaIve routes and its e,ects on changing the 
ther<odyna<ics and yields of the anaerobic stoichio<etry. �e conclude that, 
given the current evidence, the convenIonal succinate dehydrogenase reacIon 
cannot occur under anaerobic condiIons. 

�e further add to the noIon that the full T�� cycle cannot occur anaerobically 
since <alate dehydrogenase {0�aU� in our netSork| represents a 
ther<odyna<ically infeasible reacIon in anaerobic condiIons. This reacIon has 
been knoSn to have very high energy reDuire<ents +& thus several hypotheses 
eTist to eTplain the funcIon of the full T�� cycle. �ne argu<ent is that the 
concentraIon of oTaloacetate is eTtre<ely loS in cells {beloS the used loSer 
bound concentraIon in the MDF analysis � 1 �M|, although this could result in 
other reacIons that uIliVe oTaloacetate to beco<e infeasible (+. �ssu<ing this is 
the case, the redoT state of the cell {$A�A� N�DHuN�D/| Sould be a <a9or 
deter<inant of the feasibility of this reacIon. �lthough not <easured in sCaA�
�ccu<ulibactert {nor in any <icrobial co<<unity of this kind|, the N�DHuN�D/ 
raIos of bacteria and yeast Shen changing fro< aerobic to anaerobic condiIons 
increases as <uch as 10 fold (,�+'�+(, Shich Sould pull this reacIon toSards the 
infeasibility region. Further, van der Rest, et al. +) described that this reacIon 
could also be catalysed by a <e<brane bound enVy<e that reduces a Duinone 
pool, thus <aking the reacIon <ore ther<odyna<ically favourable. HoSever, da 
Silva, et al. '- found a high preference of <alate dehydrogenase for N�DH. 
�ltogether the evidence shoSs that <alate dehydrogenase cannot operate 
toSards generaIng oTaloacetate and N�DH under anaerobic condiIons and 
instead is <ore likely to operate under anaerobic condiIons in the opposite 
reacIon, a pheno<enon previously observed in �/�#�.$�#$a��+'$ cells +*. 

Finally, Se represent three reacIons of the <etabolic <odel to be 
ther<odyna<ically infeasible albeit necessary to obtain the observed phenotype 
of sCaA� �ccu<ulibactert. The reacIons are glyceraldehyde �vphosphate 
dehydrogenase {"'�S� in our netSork|, acetoacetyl �o� synthase {,#aN� in our 
netSork| and <ethyl<alonyl �o� <utase {,#aQ in our netSork|. Firstly, "'�S is a 
SellvknoSn ther<odyna<ic boLleneck reacIon (+. To overco<e this boLleneck, 
alternaIve glycolyIc pathSays eTist such as the EntnervDoudoro, glycolysis {ED| 
or the pentose phosphate pathSay {PPP| that bypass this reacIon. HoSever, 
geno<ic *-, proteo<ic ++ and enVy<aIc +, evidence support the noIon that both 
ED and the co<plete PPP do not operate in sCaA �ccu<ulibactert. Hence, the 
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reacIon "'�S is the only alternaIve in the current <etabolic <odel to carry 0uT 
fro< glucose toSards loSer glycolysis. Further research <ust be done to eTplore 
Seather ther<odyna<ic qtricks’ eTist to enable this reacIon to occur or even if 
di,erent, yet unknoSn, glycolyIc routes are acIve in P��s anaerobically. �n the 
other hand, the reacIons ,#aN and ,#aQ involved in the synthesis of PH�s are 
i<<ediately folloSed by tSo reacIons {,#aO�and�,#aP� for PHB and�,#aR�and�
,#aS� for PH2M�| Sith very high ther<odyna<ic driving force {Figure 5|. 
�lthough this process has not been studied for PH� synthesis, a very si<ilar set 
of reacIons to ,#aN in archaea {acetoacetylv�o� thiolase| catalyVe a si<ilarly 
ther<odyna<ically quphill’ reacIon connected to qdoSnhill’ reacIons. �Bgeli, et 
al. +- found evidence that substrate channeling via enVy<e co<pleTes eTists and 
could eTplain the pathSay to occur despite this boLleneck. � si<ilar <echanis< 
could be at play in sCaA� �ccu<ulibactert since PH� synthesis is observed 
anaerobically.  

�t is i<portant to note that our ther<odyna<ic analysis only considers 
intracellular <etabolic reacIons and eTcludes eTchange reacIons and reacIons 
involved in poly<eric synthesis or degradaIon. The ther<odyna<ics of eTchange 
reacIons {for eTa<ple, acetate uptake, phosphate eTport, etc.| not dependent on 
<etabolic netSork control. �n the other hand, poly<ers are substances that are 
not co<pletely in aDueous soluIon as a typical <etabolite is {hence they can be 
a��4(4'a0�� to eTtre<ely high a<ounts|. Thus, the incorporaIon of poly<ers 
and their �+)��)0.a1+)C/� contribuIon to a reacIon’s ther<odyna<ic driving 
force reDuires a deeper physical understanding of poly<ers as a Shole. Further 
research should be done to understand the co<pleTity that di,erent kinds of 
poly<ers contribute to <etabolic reacIons.  

Tra�e=o�s �et2een stoi�hiometri� yiel� an� thermo�ynami� 
�easi�ility 
The <etabolic <odel soluIons that resulted in the highest MDF {Figure �.B| 
released the carbon fro< acetate as ��'�and for<ed the <ore reduced for< of 
PH� {$A�A PH2M�|. The PH2M� accu<ulated in these soluIons ca<e directly fro< 
the a<ount of glycogen degraded. �lthough these soluIons are 
ther<odyna<ically the <ost feasible, they Sill result in very poor groSth yields 
since none of the acetate accu<ulates as PH�s. This leads to an interesIng 
relaIonship betSeen ther<odyna<ic e/ciency {proporIonal to the rate| vs the 
stoichio<etric e/ciency {$A�A�yield|. This apparent relaIonship ste<s fro< the 
tradevo, betSeen either converIng acetate into ��' to gain driving force {and 
thus uptake rates| against conserving the acetate into PHB that later can be used 
to groS <ore e/ciently {i<prove bio<ass yields|. Such tradevo, betSeen rate 
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 �o�el �onstr0�-on 
� <etabolic <odel Sas built to represents reacIons fro< glycolysis, T�� cycle, 
anapleroIc reacIons, PH� synthesis reacIons, and glycogen degradaIon 
pathSays. The stoichio<etry of each reacIon Sas obtained fro< the 
yoto 
Encyclopedia of 	enes and 	eno<es {
E		| database, using the available M�	s 
for sCaA� �ccu<ulibactert as the reference. The chosen pathSays to be 
incorporated in this <etabolic <odel Sere focused on substrate uptake and the 
<odel Sas uIliVed to test current hypotheIcal +,�.a1+)/ of <etabolis< to 
uptake acetate into PH�s {as su<<ariVed in Figure 1|. For building <ore co<pleT 
<etabolic <odels, Se reco<<end the user to apply available <ethods for <odel 
construcIon such as gapseD *%, �arveMe *&, a<ongst others.   

The <odel, consisIng of �5 <etabolites connected by �� reacIons includes 
eTchange reacIons for <etabolites such as PH�, glycogen, polyphosphate, ��', 
and H'�. Model reacIons Sere for<ulated and i<ple<ented in ETcel in the for< 
of a stoichio<etric <atriT SS, in Shich the roSs and colu<ns signify the 
<etabolites and the reacIons respecIvely. �ll <etabolites in the SS  <atriT are 
considered to be in steady state by the relaIon: 

�� � %  , 

Shere 5�represents a vector containing the 0uTes of each reacIon {colu<n in SS| 
(%. �e did not eTplicitly <odel F�DH', all electron transporters Sere <odelled as 
N�DH. Si<ilarly, all reacIons Sere considered to be reversible at this early stage 
of the <odel. PH�s are <odelled as polyvhydroTybutyrate {PHB| and hydroTy 2v
<ethylvvalerate {PH2M�| as a proTy to disInguish PH�s resulIng fro< either 
acetyl �o� or propionyl �o� as done previously &(. 

En5yme an� 	ene Annota-on 
	eno<e analysis Sas conducted to invesIgate the presence of genes in species 
of �Ca. �ccu<ulibacter� related to the reacIons fro< the <etabolic <odel. The 
M�	 seDuences of 1� species of �Ca. �ccu<ulibacter� Sere obtained fro< the 
European NucleoIde �rchive and doSnloaded Shen available in the for<at �	S 
Set EMBL. Standard geno<e annotaIons fro< the database Sas used to verify 
the presence of the genes related to our <etabolic netSork. �n case these genes 
Sere not annotated in all geno<es, a set of proteins fro< Escherichia coli 
12 for 
catalysing the reacIons in the netSork Sas used as a reference. BL�ST analysis 
Sas then perfor<ed {<inyidenIty �0 �, evalue ev12| to co<pare these protein 
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and yield has been described previously for groSth rate +.�,%, but since P��s groS 
in a cyclic environ<ent, such relaIonship has not been previously described and 
represent an interesIng research potenIal.  

�n this conteTt, long ter< enrich<ents under fast vs sloS feeding rates could o,er 
insights into <icrobial co<<uniIes prioriIVing uptake rates or e/ciencies. 
Si<ilarly, applying a substrate <iT that alleviate kineIc boLlenecks in substrate 
uptake rates {as de<onstrated in )'| <ay enhance uptake rates, revealing 
previously uneTplored <etabolic strategies. The integraIon of such eTperi<ental 
.ndings Sith <etabolic <odelling can illu<inate key aspects for <etabolic 
control, fostering hypothesis generaIon to i<prove or select <icrobial 
co<<uniIes’ funcIons.  

 

�����#!���!(
 

�� Metabolic potenIal inferred fro< M�	svonly is <isleading since <any 
potenIal reacIons fro< a <etabolic <odel can be ther<odyna<ically 
infeasible under speci.c environ<ental condiIons. 

�� �n the current postvgeno<ic era, Se should not prede.ne reacIon 
direcIons based on presence of <arker genes, but rather syste<aIcally 
evaluate their potenIal given <etabolic and environ<ental conteTt.  

�� The co<binaIon of EFM� Sith MDF calculaIons provides a suitable 
fra<eSork for the assess<ent of <etabolic pathSay feasibility given a 
M�	vderived <etabolic <odel. 

�� Species of sCaA� �ccu<ulibactert possess di,erent potenIal in their 
central carbon <etabolis< speci.cally related to anapleroIc reacIons.  

�� The full operaIon of a classical T�� cycle {oTidaIng direcIon| is, 
according to current knoSledge, not possible under anaerobic acetate 
uptake due to ther<odyna<ic infeasibiliIes in succinate dehydrogenase 
and <alate dehydrogenase.  

�� �naerobic PH� accu<ulaIon in sCaA� �ccu<ulibactert results fro< a 
tradevo, betSeen ther<odyna<ic feasibility and stoichio<etric yield.  
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 �o�el �onstr0�-on 
� <etabolic <odel Sas built to represents reacIons fro< glycolysis, T�� cycle, 
anapleroIc reacIons, PH� synthesis reacIons, and glycogen degradaIon 
pathSays. The stoichio<etry of each reacIon Sas obtained fro< the 
yoto 
Encyclopedia of 	enes and 	eno<es {
E		| database, using the available M�	s 
for sCaA� �ccu<ulibactert as the reference. The chosen pathSays to be 
incorporated in this <etabolic <odel Sere focused on substrate uptake and the 
<odel Sas uIliVed to test current hypotheIcal +,�.a1+)/ of <etabolis< to 
uptake acetate into PH�s {as su<<ariVed in Figure 1|. For building <ore co<pleT 
<etabolic <odels, Se reco<<end the user to apply available <ethods for <odel 
construcIon such as gapseD *%, �arveMe *&, a<ongst others.   

The <odel, consisIng of �5 <etabolites connected by �� reacIons includes 
eTchange reacIons for <etabolites such as PH�, glycogen, polyphosphate, ��', 
and H'�. Model reacIons Sere for<ulated and i<ple<ented in ETcel in the for< 
of a stoichio<etric <atriT SS, in Shich the roSs and colu<ns signify the 
<etabolites and the reacIons respecIvely. �ll <etabolites in the SS  <atriT are 
considered to be in steady state by the relaIon: 

�� � %  , 

Shere 5�represents a vector containing the 0uTes of each reacIon {colu<n in SS| 
(%. �e did not eTplicitly <odel F�DH', all electron transporters Sere <odelled as 
N�DH. Si<ilarly, all reacIons Sere considered to be reversible at this early stage 
of the <odel. PH�s are <odelled as polyvhydroTybutyrate {PHB| and hydroTy 2v
<ethylvvalerate {PH2M�| as a proTy to disInguish PH�s resulIng fro< either 
acetyl �o� or propionyl �o� as done previously &(. 

En5yme an� 	ene Annota-on 
	eno<e analysis Sas conducted to invesIgate the presence of genes in species 
of �Ca. �ccu<ulibacter� related to the reacIons fro< the <etabolic <odel. The 
M�	 seDuences of 1� species of �Ca. �ccu<ulibacter� Sere obtained fro< the 
European NucleoIde �rchive and doSnloaded Shen available in the for<at �	S 
Set EMBL. Standard geno<e annotaIons fro< the database Sas used to verify 
the presence of the genes related to our <etabolic netSork. �n case these genes 
Sere not annotated in all geno<es, a set of proteins fro< Escherichia coli 
12 for 
catalysing the reacIons in the netSork Sas used as a reference. BL�ST analysis 
Sas then perfor<ed {<inyidenIty �0 �, evalue ev12| to co<pare these protein 
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Shere BB represents the <ini<u< driving force of all reacIons in the EFM, 77  a 
vector containing the <olar concentraIons of the <etabolites in SS Sithin a range 
of concentraIons {���� and ����|. �<portant to note is that the MDF is in0uenced 
by the presenceuabsence of reacIons and their direcIon, but not a,ected by the 
0uT that each reacIon could carry. 

For the MDF analysis of each EFM, a custo< stoichio<etric <atriT {SSyyaadd99uusstteedd| 
Sas generated by <odifying the SS <atriT as folloSs. ReacIons involving 
<etabolites for Shich the esI<aIon of a�	�’ is highly uncertain Sere re<oved 
{reacIons of glycogen and polyphosphate degradaIon, PHB and PH2M� 
poly<eriVaIon| as Sell as all eTternal reacIons fro< the <odel.  Further<ore, 
the reacIon de.niIons Sere ad9usted to .t the direcIonaliIes of each EFM 
{either posiIve or negaIve 0uTes|. ReacIons carrying no 0uT {Vero values| Sere 
re<oved. The resulIng <atriT Sas converted into a tabvseparated value {tsv| 
for<at for further calculaIons. MDF calculaIons Sere perfor<ed using the 
EDuilibrator pathSay tool {version 0.�.�| developed by Noor, et al. (+ in the 
EDuilibrator package. �s seMngs for these calculaIons, Se used default 
condiIons such as a pMg {potenIal of <agnesiu<| of �, an ionic strength of 250 
<M, a cytosolic pH {potenIal of hydrogen| of �.5, and a degree of con.dence of 
0.�5. Si<ulaIons varying this degree of con.dence Sere also perfor<ed, but the 
outco<e of the <odel did not a,ect the results {data not shoSn|. Metabolites in 
the opI<iVer Sere alloSed to vary Sithin the default physiologically eTpected 
ranges {0.001 to 10 <M|, eTcept for phosphate {10 <M|, and ��' {0.01 <M|. 

The MDF and opI<iVed a�	’ values for each reacIon in the <odels Sere 
deter<ined and stored. The MDF distribuIon of all soluIons Sas visualiVed using 
a sSar< plot to idenIfy subsets of <odels that Sere ther<odyna<ically feasible. 
Feasible reacIons Sere <anually selected, and a stoichio<etry sche<e derived. 
The achieved opI<iVed a�	’ values for each reacIon in all the soluIons Sere 
used to create a bar plot in Python, represenIng the distribuIon of a�	’.  

To si<ulate anaerobic condiIons, the addiIonal constraint to li<it the range of 
concentraIons of N�DH and of N�D/ {0.1 w 10 <M and 0.001 w 0.01 <M 
respecIvely| Sas added to re0ect knoSn increase of N�DHuN�D/ up to 10 fold 
fro< aerobic to anaerobic condiIons (,. MDF opI<iVaIon Sas then perfor<ed 
on all EFMs Sith these condiIons and resulIng MDF and a�	’ Shere analysed in 
a si<ilar fashion using Python.  
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seDuences Sith the reference set, and seDuence align<ent Sas used to assess 
conservaIon and idenIfy potenIal orthologs or ho<ologs. 

Elementary �l03 �o�e Analysis 
The <etabolic netSork Sas sub9ected to ele<entary 0uT <ode {EFM| analysis 
using the ��( M�TL�B tool developed by TerVer and Stelling (&. For the analysis, 
reacIons for glycogen and polyphosphate degradaIon, PH� synthesis and 
acetate consu<pIon Sere set as irreversible since this is the observed phenotype 
fro< the anaerobic phase of EBPR. This approach ai<ed to syste<aIcally 
evaluate the <odel�s capabiliIes, so no further reacIons Sere set as irreversible. 
The resulIng ele<entary 0uT <odes {EFM| Sere all nor<aliVed to 1 <ol of 
acetate uptake. �ariables of interest, including glycogen degradaIon, PHB and 
PH2M� synthesis, polyphosphate degradaIon, and ��' eTport, Sere eTa<ined 
for their distribuIon a<ong the EFMs using Python and visualiVed Sith violin 
plots. Relevant EFMs <atching the stoichio<etry proposed in the literature 
{speci.cally the proposed <odels fro< �o<eau, et al. '', Mino, et al. &,, Pereira, 
et al. '(, Hessel<ann, et al. ') and �agci, et al. '*| Sere <anually .ltered based on 
the presence and direcIon of their acIve reacIons Sithin the EFMs. 

�D� �al�0la-ons an� normali5a-on  
�e evaluated the ther<odyna<ic feasibility of each soluIon to the <etabolic 
<odel {$A�A�an individual EFM| using the concept of Mini<u< Driving Force {MDF| 
(+. For a reacIon to be considered feasible, a negaIve value for the 	ibbs free 
energy {a�	’| is reDuired. The 	ibbs free energy of each reacIon is deter<ined 
by the {opI<iVed| concentraIon of the <etabolites in each range and thus 
depends on the conteTt of that reacIon Sithin the <odel soluIon {$A�A�Shich and 
hoS <any reacIons are acIve in the current EFM|. For each EFM, the resulIng 
MDF is obtained fro< the reacIon Sith the loSest ther<odyna<ic driving force 
{$A�A�the loSest w a�	’|. �f this MDF {w a�	’| is � 0, it indicates that all the reacIons 
can operate and the EFM is considered feasible. Hence, <aTi<iVaIon of the 
driving force of an EFM can be achieved by the folloSing linear opI<iVaIon 
proble<: 

MaTi<iVe BB 
��� 

Sub9ect to $)����� # �� � ���* ' � 

���)����* & � & ���)���	* 
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Shere BB represents the <ini<u< driving force of all reacIons in the EFM, 77  a 
vector containing the <olar concentraIons of the <etabolites in SS Sithin a range 
of concentraIons {���� and ����|. �<portant to note is that the MDF is in0uenced 
by the presenceuabsence of reacIons and their direcIon, but not a,ected by the 
0uT that each reacIon could carry. 

For the MDF analysis of each EFM, a custo< stoichio<etric <atriT {SSyyaadd99uusstteedd| 
Sas generated by <odifying the SS <atriT as folloSs. ReacIons involving 
<etabolites for Shich the esI<aIon of a�	�’ is highly uncertain Sere re<oved 
{reacIons of glycogen and polyphosphate degradaIon, PHB and PH2M� 
poly<eriVaIon| as Sell as all eTternal reacIons fro< the <odel.  Further<ore, 
the reacIon de.niIons Sere ad9usted to .t the direcIonaliIes of each EFM 
{either posiIve or negaIve 0uTes|. ReacIons carrying no 0uT {Vero values| Sere 
re<oved. The resulIng <atriT Sas converted into a tabvseparated value {tsv| 
for<at for further calculaIons. MDF calculaIons Sere perfor<ed using the 
EDuilibrator pathSay tool {version 0.�.�| developed by Noor, et al. (+ in the 
EDuilibrator package. �s seMngs for these calculaIons, Se used default 
condiIons such as a pMg {potenIal of <agnesiu<| of �, an ionic strength of 250 
<M, a cytosolic pH {potenIal of hydrogen| of �.5, and a degree of con.dence of 
0.�5. Si<ulaIons varying this degree of con.dence Sere also perfor<ed, but the 
outco<e of the <odel did not a,ect the results {data not shoSn|. Metabolites in 
the opI<iVer Sere alloSed to vary Sithin the default physiologically eTpected 
ranges {0.001 to 10 <M|, eTcept for phosphate {10 <M|, and ��' {0.01 <M|. 

The MDF and opI<iVed a�	’ values for each reacIon in the <odels Sere 
deter<ined and stored. The MDF distribuIon of all soluIons Sas visualiVed using 
a sSar< plot to idenIfy subsets of <odels that Sere ther<odyna<ically feasible. 
Feasible reacIons Sere <anually selected, and a stoichio<etry sche<e derived. 
The achieved opI<iVed a�	’ values for each reacIon in all the soluIons Sere 
used to create a bar plot in Python, represenIng the distribuIon of a�	’.  

To si<ulate anaerobic condiIons, the addiIonal constraint to li<it the range of 
concentraIons of N�DH and of N�D/ {0.1 w 10 <M and 0.001 w 0.01 <M 
respecIvely| Sas added to re0ect knoSn increase of N�DHuN�D/ up to 10 fold 
fro< aerobic to anaerobic condiIons (,. MDF opI<iVaIon Sas then perfor<ed 
on all EFMs Sith these condiIons and resulIng MDF and a�	’ Shere analysed in 
a si<ilar fashion using Python.  
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�o�e A1aila�ility 
The code uIliVed in this study together Sith all the data reDuired to adapt or 
reproduce the si<ulaIons is available at 	itLab Pro9ect �D: �������� 
{hLps:uugitlab.co<udel2ypaosufro<v<etageno<esvtov<etabolis<vpaos|. 
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��!" ��"(
�e present pyycFB�, a Pythonvbased toolboT for condiIonal 0uT balance analysis 
{cFB�|. �ur toolboT alloSs for an easy i<ple<entaIon of cFB� <odels using a 
Sellvdocu<ented and <odular approach and supports the generaIon of Syste<s 
Biology Markup Language {SBML| <odels. The toolboT is designed to be userv
friendly, versaIle, and freely available to nonvco<<ercial users, serving as a 
valuable resource for researchers predicIng <etabolic behaviour Sith resource 
allocaIon in dyna<icvcyclic environ<ents.  

��vvaaiillaabbiilliittyy: ETtensive docu<entaIon, installaIon steps, tutorials and eTa<ples 
are available at hLps:uutpvSatsonvpythonvc+a.readthedocs.iouenu and the 
pyycFB� python package is available at hLps:uupypi.orgupro9ectupyvc+au  



89

 

83 
 

��!" ��"(
�e present pyycFB�, a Pythonvbased toolboT for condiIonal 0uT balance analysis 
{cFB�|. �ur toolboT alloSs for an easy i<ple<entaIon of cFB� <odels using a 
Sellvdocu<ented and <odular approach and supports the generaIon of Syste<s 
Biology Markup Language {SBML| <odels. The toolboT is designed to be userv
friendly, versaIle, and freely available to nonvco<<ercial users, serving as a 
valuable resource for researchers predicIng <etabolic behaviour Sith resource 
allocaIon in dyna<icvcyclic environ<ents.  

��vvaaiillaabbiilliittyy: ETtensive docu<entaIon, installaIon steps, tutorials and eTa<ples 
are available at hLps:uutpvSatsonvpythonvc+a.readthedocs.iouenu and the 
pyycFB� python package is available at hLps:uupypi.orgupro9ectupyvc+au  

3

2

1

4

5

6

7

3

2

1

4

5

6

7



90

 

85 
 

  

����bb%%ee  CC77  � �omp�rison o� ���� 0it! simi%�r met!ods to rese�r�! dyn�mi� met�bo%ism7 

Feature RRBB��ppyy  &%  �ycle 
Sync 

cFB� pyycFB� 

{this 
research| 

Method Resource 
Balance 
�nalysis 
&& 

�ycle 
Sync &' 

�ondiIonal 
FB� , 

�ondiIonal 
FB� , 

Language Python Python M�TL�B! Python 

ToolboT for user 
i<ple<entaIon 

� v v � 

�o<prehensive 
docu<entaIon, 
tutorials and 
eTa<ples 

� v v � 

Te<poral 0uT 
analysis 

� � � � 

EnVy<e 
constraints 

� v � � 

Study of 
organis<s in 
cyclic 
environ<ents 

v � � � 

�apture 
te<poral use of 
storage 
poly<ers 

v � � � 

�ReDuires a license for its use.  

  

 

84 
 

 

��" ��#�"���(
�pI<al resource allocaIon is a Sidespread theory used to study evoluIonary 
tradevo,sxinherent in <etabolic processes &�). The prevailing literature 
predo<inantly focuses on <icroorganis<s thriving under staIonary condiIons &�
). �hile such condiIons lend the<selves to laboratory validaIon, in reality, 
<icrobial habitats in nature and <ost environ<ental biotechnology applicaIons 
are far fro< staIc. �ver evoluIonary I<escales, <icroorganis<s have evolved 
diverse <etabolic strategies to face a diverse array of dyna<ic environ<ental 
0uctuaIons *�+. These 0uctuaIng environ<ents and the <etabolic strategies of 
organis<s living therein can be studied Sith co<putaIonal <odels. Modelling is 
key to establish funda<ental principles governing evoluIonary .tness. 

RQgen et. al., , introduced a <athe<aIcal fra<eSork na<ed condiIonal 0uT 
balance analysis {cFB�|, designed to predict opI<al resource allocaIon dyna<ics 
under 0uctuaIng condiIons. This fra<eSork has been applied to cyanobacteria 
- and polyphosphate accu<ulaIng organis<s .. �n both cases, te<poral synthesis 
of storage poly<ers {�A"A�glycogen, polyphosphate and polyhydroTyalkanoates| 
resulted as an e<ergent property of resource opI<iVaIon in dyna<icvcyclic 
scenarios. Nevertheless, reports on dyna<ic condiIons re<ain sparse, pri<arily 
con.ned to these eTe<plar cases. 

The cFB� <ethod integrates stoichio<etric <odelling, dyna<ic FluT Balance 
�nalysis {dFB�| Sith a .nal opI<iVaIon through the Shole si<ulaIon I<e, and 
resource allocaIon to study <etabolic dyna<ics Sithin cyclic environ<ents. �s 
such, it serves as a potent predicIve tool for unveiling opI<al <etabolic 
strategies in ecosyste<s such as diurnal cycles, feastvfa<ine dyna<ics, and 
aerobicvanaerobic transiIons. 	iven the prevalence of such environ<ental 
condiIons in nature, the .eld of <icrobial ecology could bene.t fro< the 
applicaIon of cFB�. To date, there is no cFB� tool based on openvsource 
plaHor<s. The current i<ple<entaIon relies on adopIon of co<pleT <etabolic 
<odels in M�TL�B ,�- Sith liLle docu<entaIon or si<ple eTa<ples for its 
applicaIon. Here, Se present an easyvtovuse Python toolboT for the applicaIon 
of cFB� {see Table 1 for a co<parison of pyycFB� Sith other published <odels|. 
This toolboT alloSs users to eTplore the boundaries of <etabolic behaviour given 
a stoichio<etric <odel, enVy<e capaciIes, and a set of environ<ental 
condiIons.  

  

3

2

1

4

5

6

7

3

2

1

4

5

6

7



91

 

85 
 

  

����bb%%ee  CC77  � �omp�rison o� ���� 0it! simi%�r met!ods to rese�r�! dyn�mi� met�bo%ism7 

Feature RRBB��ppyy  &%  �ycle 
Sync 

cFB� pyycFB� 

{this 
research| 

Method Resource 
Balance 
�nalysis 
&& 

�ycle 
Sync &' 

�ondiIonal 
FB� , 

�ondiIonal 
FB� , 

Language Python Python M�TL�B! Python 

ToolboT for user 
i<ple<entaIon 

� v v � 

�o<prehensive 
docu<entaIon, 
tutorials and 
eTa<ples 

� v v � 

Te<poral 0uT 
analysis 

� � � � 

EnVy<e 
constraints 

� v � � 

Study of 
organis<s in 
cyclic 
environ<ents 

v � � � 

�apture 
te<poral use of 
storage 
poly<ers 

v � � � 

�ReDuires a license for its use.  

  

3

2

1

4

5

6

7

3

2

1

4

5

6

7



92

 

87 
 

Here, 6��represents the transpose of a <atriT containing the <olecular Seights 
of each i<balanced <etabolite in �. The cyclic behaviour of cFB� is achieved by 
enforcing idenIcal relaIve a<ounts of i<balanced <etabolites at both the 
beginning and end of the si<ulaIon {ED. 2|. 

 

 ����� % �����
 {ED. 2| , 
 

� represents the balanced groSth of the syste<. These constraints represent a 
DuadraIc progra<<ing proble< Shich beco<es linear for each value of �. The 
ob9ecIve of the cFB� <odel is to achieve the highest <ulIplicaIon factor {�| 
using a binary search algorith<. Nu<ericallyvstable solvers Sith high nu<eric 
precision, such as 	urobi, are reco<<ended since co<pleT <odels <ay lead to 
illvcondiIoned proble<s -. The i<ple<entaIon of this <ethod uses the �PTL�N	 
library in Python and the solvers supported and their li<itaIons have been 
described &*. 

C�''4'a.�
$($0/�a)����-4$.�(�)0/�+)���0a�+'$0�/@��4+0a/�
By default, the synthesis of i<balanced <etabolites is not enforced {apart fro< 
<aintaining the relaIon in ED. 1|. Mini<al cellular reDuire<ents can be enforced 
by seMng Duota de.niIons {<ini<al concentraIon constraints|  For instance, 
RQgen, et al. , e<ployed Duota co<pounds to establish <ini<al thresholds for 
inorganic ions, cell Sall consItuents, lipids, DN�, and nonvcatalyIc proteins, 
relaIve to bio<ass. ETpanding upon the Duota de.niIons uIliVed by RQgen, et al. 
, and Rei<ers, et al. -, our toolkit enables users to de.ne eTact, <ini<u<, and 
<aTi<u< Duota constraints at any I<e point during the si<ulaIon. This 
facilitates the capture of dyna<ic behaviours in si<ulated environ<ental 
condiIons. 

C+4,'$)"� (�0a�+'$/(� 0+� ,.+0�$)� a''+�a1+)@� �)98(�� a�15$08� �a/��� +)� �)98(��
a(+4)0/�
�<balanced <etabolites can also act as catalysts of speci.c reacIons. The relaIon 
betSeen the <etabolite and the reacIon it catalyses is indicated in the capacity 
<atrices {� and B in ED. �| Shich denote the associaIons betSeen catalysed 
reacIons and the k��� values of each catalysed reacIon.  

 

 ����
���� & ���� � �� {ED. �| , 

 ��� & ��
� � �����

�  {ED. �| , 
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������"(#!���(���(#!� (���#"(
The cFB� toolkit is accessible as a Python package }hLps:uupypi.orgupro9ectupyv
c+au~. �t co<prises a suite of funcIons enabling the construcIon of the cFB� 
<odel architecture and subseDuent si<ulaIons. The reDuired user input varies 
depending on the desired co<pleTity of the analysis. For instance, to <odel 
dyna<ic cycling Sithout any catalyIc infor<aIon, a stoichio<etric <atriT 
su/ces. HoSever, if enVy<e capaciIes are to be included, nu<erical constants 
describing the relaIonships betSeen reacIons and their respecIve catalyIc 
e/ciencies {k���| are needed. The .rst step in this toolkit’s pipeline is to generate 
a basic cFB� <odel structure, Shich is encoded into SBML. SubseDuently, the 
SBML <odel is parsed into a linear progra<<ing proble<. Detailed instrucIons 
on <odel generaIon and Syste<s Biology Markup Language {SBML| .le creaIon 
can be found at }hLps:uutpvSatsonvpythonvc+a.readthedocs.iouenu~. 

��"���!(���(��������"�"���(
�$)$(a'���0�+��C+)/0.a$)0/@��)'$($0���Ca0a'81����15$08�
The underlying <etabolic <odel in cFB� is represented by a stoichio<etric <atriT 
{S|, Shich represents the interplay of <etabolites and reacIons in a <etabolic 
netSork. Fro< the parIcipaIng species {<etabolites enVy<es and bio<ass 
co<ponents|, a subset is eTpressed as i<balanced {�|. These speciesxtypically 
enVy<es, riboso<es, <e<branes, storage poly<ers, and substratesxeThibit 
eTplicit concentraIon changes over I<e, Shich are eTplicitly <odelled as done 
Sith dFB� &(. �onversely, the re<ainder of <etabolites {�"| are presu<ed to 
re<ain in Duasivsteady state, because their turnover rate is signi.cantly faster 
than that of i<balanced species ,�-�&). Users can si<ulate dyna<ic environ<ental 
changes {such as variaIons in light, substrate and oTygen| by constraining 
reacIons Sith upper and loSer bounds.  

Each cFB� si<ulaIon is nor<aliVed to an iniIal a<ount of bio<ass {typically 1 
gra< dry Seight {g��||. Bio<ass is not <odelled as an independent <etabolite 
Sith its corresponding biosynthesis reacIon, but rather de.ned as the Seighed 
su< of all co<ponents in � at each I<e point {all i<balanced <etabolites|. To 
nor<aliVe the iniIal I<e point of the si<ulaIon to 1 g��, ED. 1 is e<ployed. 

 

 �����
 %1 {ED. 1|,  
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Here, 6��represents the transpose of a <atriT containing the <olecular Seights 
of each i<balanced <etabolite in �. The cyclic behaviour of cFB� is achieved by 
enforcing idenIcal relaIve a<ounts of i<balanced <etabolites at both the 
beginning and end of the si<ulaIon {ED. 2|. 
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<aTi<u< Duota constraints at any I<e point during the si<ulaIon. This 
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�<balanced <etabolites can also act as catalysts of speci.c reacIons. The relaIon 
betSeen the <etabolite and the reacIon it catalyses is indicated in the capacity 
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 ����
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 ��� & ��
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��iigg..rree  CC77  ��si� sim.%�tion o� � toy<mode% .sing t!e ���� Pyt!on �oo%bo17 Inp.ts re*.ired �or t!is 
mode% �re � stoi�!iometri� m�tri15 de�inition o� b�%�n�ed �nd imb�%�n�ed met�bo%ites5 �nd en3yme 
��p��ities7 �!e sim.%�tion in�%.des �n ��tive �eed d.ring t!e �irst CB .nits o� time ��ter 0!i�! t!ere 
is no %onger s.bstr�te sim.%�ting � �e�st<��mine �ondition7 �pe�i�i�s �nd step<by<step 
imp%ement�tion o� t!is mode% in t!e ���� pyt!on too%bo1 �re �v�i%�b%e �t ?!ttps:;;tp<0�tson<
pyt!on<��b�7re�dt!edo�s7io;en@7 

�����#!���(
The Python cFB� toolkit facilitates the study of <etabolic dyna<ics in cyclic 
environ<ents. �e included clear docu<entaIon and eTa<ples for a fast 
fa<iliariVaIon to resource allocaIon strategies in dyna<ic condiIons. TSo 
consideraIons are of note: nu<erical challenges <ay reDuire specialiVed solvers, 
and further develop<ents are needed to address co<pleT biological syste<s 
such as nonvopI<al balanced groSth strategies or <icrobial co<<uniIes. 
NotSithstanding, the toolkit represents a signi.cant advance<ent in syste<s 
biology, o,ering researchers a poSerful tool to eTplore <etabolic behaviour in 
dyna<icvcyclic environ<ents. 
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EDuaIon � sets a reacIon . catalysed by an i<balanced <etabolite ��� to be 
constrained by its upper li<it folloSing the relaIon in ED. �. �t is noteSorthy that 
this de.nes an upper boundary to the reacIon, not an eTact value. �ddiIonally, 
if a reversible reacIon is catalysed by an i<balanced specie, both direcIons of 
the reacIon <ust be accounted for in the S <atriT.  

Standard geno<evreconstructed <etabolic <odels typically include storage 
poly<ers such as glycogen as part of bio<ass co<ponents. FolloSing the 
approach of �fai< et al., &+ Se alloS for the eTplicit separaIon of storage 
<etabolites fro< that of bio<ass {also referred to as '�a) bio<ass|. This alloSs 
the independent accu<ulaIon and uIliVaIon of said poly<ers in various 
si<ulaIons irrespecIve of bio<ass co<posiIon {independent fro< ED. 2|.   

�n illustraIve eTa<ple of cFB� i<ple<entaIon for a toy <odel of a <ini<al cell 
is presented in Figure 1. The syste< co<prises one balanced <etabolite {na<ed 
qinter<ediate’| and three i<balanced species: storage, enVy<es and bio<ass. 
The reacIons for substrate uptake and bio<ass synthesis are catalysed by the 
species qenVy<es’ each Sith a disInct k��� value. The si<ulaIon incorporates a 
dyna<ic co<ponent Sherein substrate is only available unIl 2 hours in the 
si<ulaIon. No Duota co<pounds are de.ned, and the <etabolite q�$+(a//C�
solely contributes to 6�A The cFB� si<ulaIon results in an early use of resources 
{substrate| into enVy<e biosynthesis to reach the <aTi<u< catalyIc capacity at 
the third I<evpoint {1 hour|. �2er this point, the syste< produces bio<ass at a 
balanced rate {opI<iVing enVy<e usage|, <aking te<poral use of storage to 
alloS this steady rate of bio<ass synthesis. �ariaIons and stepvbyvstep eTa<ples 
of this <odel i<ple<entaIon are available at }hLps:uutpvSatsonvpythonv
c+a.readthedocs.iouen~. 
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APPLICATION TO POLYPHOSPHATE
 ACCUMULATING ORGANISMS.

5

PREDICTING THE IMPACT OF 
TEMPERATURE ON METABOLIC

FLUXES USING RESOURCE
ALLOCATION MODELLING:
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The understanding of <icrobial co<<uniIes and the biological regulaIon of its 
<e<bers is crucial for i<ple<entaIon of novel technologies using <icrobial 
ecology. �ne poorly understood <etabolic principle of <icrobial co<<uniIes is 
resource allocaIon and biosynthesis. Resource allocaIon theory in 
polyphosphate accu<ulaIng organis<s {P��s| is li<ited as a result of their sloS 
i<posed groSth rate {typical sludge retenIon I<es of at least � days| and 
li<itaIons to DuanIfy changes in bio<ass co<ponents over a � hour cycle {less 
than 10 � of their groSth|. �s a result, there is no direct evidence supporIng that 
biosynthesis is an eTclusive aerobic process in P��s that alternate conInuously 
betSeen anaerobic and aerobic phases. Here, Se apply resource allocaIon 
<etabolic 0uT analysis to study the opI<al phenotype of P��s over a 
te<perature range of � �� to 20 ��. The <odel applied in this research alloSed to 
idenIfy opI<al <etabolic strategies in a core <etabolic <odel Sith li<ited 
constraints based on biological principles. The addiIon of a constraint li<iIng 
bio<ass synthesis to be an eTclusive aerobic process changed the <etabolic 
behaviour and i<proved the predictability of the <odel over the studied 
te<perature range by closing the gap betSeen predicIon and eTperi<ental 
.ndings. The results validate the assu<pIon of li<ited anaerobic biosynthesis in 
P��s, speci.cally sCa)�$�a04/��ccu<ulibactert related species. �nteresIngly, the 
predicted groSth yield Sas loSer, suggesIng that there are <echanisIc barriers 
for anaerobic groSth not yet understood nor re0ected in the current <odels of 
P��s. Moreover, Se idenI.ed strategies of resource allocaIon applied by P��s 
at di,erent te<peratures because of the decreased catalyIc e/ciencies of their 
bioche<ical reacIons. Understanding resource allocaIon is para<ount in the 
study of P��s and their currently unknoSn co<pleT <etabolic regulaIon, and 
<etabolic <odelling based on biological .rst principles provide a useful tool to 
develop a <echanisIc understanding.
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ecology. �ne poorly understood <etabolic principle of <icrobial co<<uniIes is 
resource allocaIon and biosynthesis. Resource allocaIon theory in 
polyphosphate accu<ulaIng organis<s {P��s| is li<ited as a result of their sloS 
i<posed groSth rate {typical sludge retenIon I<es of at least � days| and 
li<itaIons to DuanIfy changes in bio<ass co<ponents over a � hour cycle {less 
than 10 � of their groSth|. �s a result, there is no direct evidence supporIng that 
biosynthesis is an eTclusive aerobic process in P��s that alternate conInuously 
betSeen anaerobic and aerobic phases. Here, Se apply resource allocaIon 
<etabolic 0uT analysis to study the opI<al phenotype of P��s over a 
te<perature range of � �� to 20 ��. The <odel applied in this research alloSed to 
idenIfy opI<al <etabolic strategies in a core <etabolic <odel Sith li<ited 
constraints based on biological principles. The addiIon of a constraint li<iIng 
bio<ass synthesis to be an eTclusive aerobic process changed the <etabolic 
behaviour and i<proved the predictability of the <odel over the studied 
te<perature range by closing the gap betSeen predicIon and eTperi<ental 
.ndings. The results validate the assu<pIon of li<ited anaerobic biosynthesis in 
P��s, speci.cally sCa)�$�a04/��ccu<ulibactert related species. �nteresIngly, the 
predicted groSth yield Sas loSer, suggesIng that there are <echanisIc barriers 
for anaerobic groSth not yet understood nor re0ected in the current <odels of 
P��s. Moreover, Se idenI.ed strategies of resource allocaIon applied by P��s 
at di,erent te<peratures because of the decreased catalyIc e/ciencies of their 
bioche<ical reacIons. Understanding resource allocaIon is para<ount in the 
study of P��s and their currently unknoSn co<pleT <etabolic regulaIon, and 
<etabolic <odelling based on biological .rst principles provide a useful tool to 
develop a <echanisIc understanding.
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<odels rely on prevde.ned <etabolic strategies and conseDuently re0ect the 
already eTisIng, though not necessarily co<plete, scienI.c knoSledge on 
<etabolic funcIons of this ecosyste<. �lthough useful, these features li<it the 
<echanisIc understanding of the biological principles governing <icrobial 
co<<uniIes under dyna<ic condiIons.  

�ne of the prevde.ned <icrobial strategies co<<only applied in the EBPR 
<odels is the assu<pIon of groSth being li<ited to the aerobic phase. �lready 
very early P�� studies suggested that biosynthesis occurs only in the aerobic 
phase of EBPR syste<s at eTpenses of PH� degradaIon '&�''. Throughout the 
years, this assu<pIon has been adopted into <etabolic <odels. �nteresIngly, 
this assu<pIon has not been veri.ed invdepth besides the observaIons on the 
consu<pIon of certain nutrients {e.g. NH�/| linked to aerobic groSth .. Many 
bacterial species that survive under both anaerobic and aerobic condiIons groS 
anaerobically Shile fer<enIng substrate '(�'), hence the validity of this 
assu<pIon {aerobic biosynthesis| in P��s is yet to be con.r<ed.  

Due to the sloS groSth of organis<s in EBPR processes, it has been di/cult to 
esI<ate protein turnover rates and to precisely calculate protein synthesis in 
di,erent phases of a cycle. � typical EBPR labvscale seMng consist of daily cycles 
of � hours Sith an i<posed SRT of � days. Thus, theoreIcally the bio<ass in the 
syste< should reneS its proteo<e in the range of around �2 cycles, <eaning that 
in one cycle the neSly produced proteins Sould account for only � � of the 
proteo<e, and the putaIve contribuIon of anaerobic biosynthesis Sould be even 
loSer. Measuring such s<all di,erences in <icrobial co<<uniIes is technically 
challenging considering the inho<ogeneity of the culture as Sell as current 
li<itaIons such as nu<ber of <ass spectra acDuisiIon per I<e '*, biased 
eTtracIon <ethods to soluble proteins '+�',, a<ongst others. Proteo<ics studies 
on EBPR sludge fro< �il<es, et al. '- and �eTler, et al. '. fell short on 
DuanItaIvely idenIfying these changes, eTe<plifying the co<plicaIons of 
studying protein synthesis in sloS groSing syste<s such as P��s. 

Data fro< transcripto<ic studies, hoSever, see< to indicate a <a9or trend 
toSards aerobic protein biosynthesis. Ti<e series <eta transcripto<ic data fro< 
a highly enriched �ccu<ulibacter culture shoSed di,erent clusters of eTpression 
throughout the EBPR cycle &%. The largest nu<ber of transcripts fro< their study 
shoSed trends of transcripIon during the aerobic phase {idenI.ed as aerobic 
paLern, redoT transiIon and loS phosphate paLerns|. �lthough the link fro< 
transcripIon to protein synthesis is not alSays direct, these results highly suggest 
that there is a regulaIon favouring protein synthesis to occur in the aerobic 
phase. This hypothesis could be further eTplored eTperi<entally Sith the use of 
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Biotechnological applicaIons, especially in environ<ental engineering, strongly 
depend on the funcIon and stability of <icroorganis<s that interact Sith each 
other and Sith the environ<ent in dyna<ically changing co<<uniIes &. Further 
develop<ent of tools to study and predict these <icrobial co<<uniIes holds the 
key to i<proving and eTpanding the plethora of their applicaIons '. �asteSater 
treat<ent is a .eld of applicaIon that, for decades, has relied on the use of 
<icrobial co<<uniIes and <odelling to beLer predict and control the e<erging 
dyna<ics of such environ<ents (. ETtensive eTperi<ental knoSledge on these 
syste<s has been obtained using longvter< labvscale eTperi<ents )�,. �hile 
signi.cant eTperi<ental progress Sas achieved and there is a groSing availability 
of highvthroughput data generaIng techniDues {i.e. geno<ics -, transcripto<ics 
.�&% and proteo<ics &&|, a full characteriVaIon and especially <echanisIc 
understanding of these co<<uniIes re<ains a challenging task in ecology &'. 
Modelling enables to test di,erent hypothesis of <echanis<s and especially 
Shole cell <odels are crucial to integrate observaIons, unravel biological 
principles and predict funcIons or condiIons that are currently inaccessible via 
eTperi<ental approaches only &(.  

The enhanced biological phosphorous re<oval {EBPR| is one of the <ost studied 
<icrobial processes in SasteSater treat<ent and decades of research have 
unravelled the <ain biological transfor<aIons of this co<pleT engineered 
ecosyste< &)�&+. �n the EBPR syste<, <icroorganis<s cycle betSeen anaerobic and 
aerobic phases leading to the enrich<ent and proliferaIon of polyphosphate 
accu<ulaIng organis<s {P��s|. �n this co<<unity, one of the <ost studied 
bacteria is sCa)�$�a04/ �ccu<ulibactert� {herea2er referred to as 
�ccu<ulibacter| &*. �ccu<ulibacter thrives in a typical EBPR cycle by a co<pleT 
<etabolic strategy involving the cycling of storage poly<ers: polyphosphate, 
glycogen and polyhydroTyalkanoates {PH�s| &+. 

So far, <etabolic <odelling approaches for P��s have been developed and are 
used Sith the ai< to <aintaining stable operaIons during EBPR processes anduor 
predicIng beLer condiIons favouring si<ultaneous carbon, phosphorous and 
nitrogen re<oval (. Early <odels such as the �SM� or TUDP have shoSn to 
translate Sell Sith process observaIons, hoSever, reDuire eTtensive recalibraIon 
depending on plant properIes and environ<ental condiIons. For eTa<ple, <ore 
recent <odel develop<ents include the e,ect of putaIve P�� co<peItors &,�&-, 
fer<entaIve P��s &., storage levels’ e,ects '%, etc. Nevertheless, <ost current 
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<odels rely on prevde.ned <etabolic strategies and conseDuently re0ect the 
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anaerobically Shile fer<enIng substrate '(�'), hence the validity of this 
assu<pIon {aerobic biosynthesis| in P��s is yet to be con.r<ed.  

Due to the sloS groSth of organis<s in EBPR processes, it has been di/cult to 
esI<ate protein turnover rates and to precisely calculate protein synthesis in 
di,erent phases of a cycle. � typical EBPR labvscale seMng consist of daily cycles 
of � hours Sith an i<posed SRT of � days. Thus, theoreIcally the bio<ass in the 
syste< should reneS its proteo<e in the range of around �2 cycles, <eaning that 
in one cycle the neSly produced proteins Sould account for only � � of the 
proteo<e, and the putaIve contribuIon of anaerobic biosynthesis Sould be even 
loSer. Measuring such s<all di,erences in <icrobial co<<uniIes is technically 
challenging considering the inho<ogeneity of the culture as Sell as current 
li<itaIons such as nu<ber of <ass spectra acDuisiIon per I<e '*, biased 
eTtracIon <ethods to soluble proteins '+�',, a<ongst others. Proteo<ics studies 
on EBPR sludge fro< �il<es, et al. '- and �eTler, et al. '. fell short on 
DuanItaIvely idenIfying these changes, eTe<plifying the co<plicaIons of 
studying protein synthesis in sloS groSing syste<s such as P��s. 

Data fro< transcripto<ic studies, hoSever, see< to indicate a <a9or trend 
toSards aerobic protein biosynthesis. Ti<e series <eta transcripto<ic data fro< 
a highly enriched �ccu<ulibacter culture shoSed di,erent clusters of eTpression 
throughout the EBPR cycle &%. The largest nu<ber of transcripts fro< their study 
shoSed trends of transcripIon during the aerobic phase {idenI.ed as aerobic 
paLern, redoT transiIon and loS phosphate paLerns|. �lthough the link fro< 
transcripIon to protein synthesis is not alSays direct, these results highly suggest 
that there is a regulaIon favouring protein synthesis to occur in the aerobic 
phase. This hypothesis could be further eTplored eTperi<entally Sith the use of 
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depend on the funcIon and stability of <icroorganis<s that interact Sith each 
other and Sith the environ<ent in dyna<ically changing co<<uniIes &. Further 
develop<ent of tools to study and predict these <icrobial co<<uniIes holds the 
key to i<proving and eTpanding the plethora of their applicaIons '. �asteSater 
treat<ent is a .eld of applicaIon that, for decades, has relied on the use of 
<icrobial co<<uniIes and <odelling to beLer predict and control the e<erging 
dyna<ics of such environ<ents (. ETtensive eTperi<ental knoSledge on these 
syste<s has been obtained using longvter< labvscale eTperi<ents )�,. �hile 
signi.cant eTperi<ental progress Sas achieved and there is a groSing availability 
of highvthroughput data generaIng techniDues {i.e. geno<ics -, transcripto<ics 
.�&% and proteo<ics &&|, a full characteriVaIon and especially <echanisIc 
understanding of these co<<uniIes re<ains a challenging task in ecology &'. 
Modelling enables to test di,erent hypothesis of <echanis<s and especially 
Shole cell <odels are crucial to integrate observaIons, unravel biological 
principles and predict funcIons or condiIons that are currently inaccessible via 
eTperi<ental approaches only &(.  

The enhanced biological phosphorous re<oval {EBPR| is one of the <ost studied 
<icrobial processes in SasteSater treat<ent and decades of research have 
unravelled the <ain biological transfor<aIons of this co<pleT engineered 
ecosyste< &)�&+. �n the EBPR syste<, <icroorganis<s cycle betSeen anaerobic and 
aerobic phases leading to the enrich<ent and proliferaIon of polyphosphate 
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<etabolic strategy involving the cycling of storage poly<ers: polyphosphate, 
glycogen and polyhydroTyalkanoates {PH�s| &+. 

So far, <etabolic <odelling approaches for P��s have been developed and are 
used Sith the ai< to <aintaining stable operaIons during EBPR processes anduor 
predicIng beLer condiIons favouring si<ultaneous carbon, phosphorous and 
nitrogen re<oval (. Early <odels such as the �SM� or TUDP have shoSn to 
translate Sell Sith process observaIons, hoSever, reDuire eTtensive recalibraIon 
depending on plant properIes and environ<ental condiIons. For eTa<ple, <ore 
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te<peratures, the e/cient use of available resources like enVy<e capacity are 
assu<ed to be crucial for evoluIonary co<peIIveness.  

�n the current study, Se co<bined the cFB� <odelling fra<eSork Sith 
te<perature dependency for P��s to idenIfy <etabolic principles regarding 
resource allocaIon. �e co<pared the co<plete <odel Sith and Sithout a 
constraint on anaerobic bio<ass synthesis. �ur results further validate the 
assu<pIon on bio<ass being li<ited to the aerobic sector of EBPR and shed light 
on previously uneTplored putaIve regulaIon on protein biosynthesis. 
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�e�eren�e sim0la-on9 E�P� �y�le 2ith ���
�����
������
��	 at 
ECA� 
�e .rst invesIgated the predicted <etabolic response of the <odel Sith 
4)�+)/0.a$)���".+60# {Figure 1.�| in a typical EBPR syste< at 20 �� and used it as 
the reference si<ulaIon for further co<parisons. � total cycle length of 5 hours 
Sas applied: 1.5 hours anaerobic and �.5 hours aerobic. �cetate Sas enforced to 
be consu<ed Sithin �0 <inutes of the anaerobic period to si<ulate the 
co<peIIon for substrate and obtain the co<peIIve strategy of organis<s 
enriched under this regi<e ((. The <ini<al iniIal a<ounts {Duota| of storage 
poly<ers {polyphosphate, glycogen and PH�| per bio<ass {<ol u g��| Sere 
introduced in the <odel based on data published by �cevedo, et al. ,. Using these 
condiIons, the reference <etabolic response of P��s si<ulated Sas obtained 
and co<pared to the eTperi<ental pro.les fro< �cevedo, et al. , {Figure 1B|. 
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isotopically labelled acetate fed to a P��s enrich<ent, such as the eTperi<ents 
done by (%, to idenIfy the fate of &(� anaerobically and aerobically over one or 
<ulIple cycles, hoSever up to date such evidence is lacking.  

�ith no .nal eTperi<ental evidence, <odelvbased studies considering 
biosynthesis and resource allocaIon could be applied to develop an 
understanding of a putaIve synthesis of bio<ass co<ponents and further<ore 
DuanIfy the putaIve bene.t of anaerobic groSth. �onstraintvbased <odels such 
as 0uT balance analysis {FB�| integraIng principles fro< resource allocaIon 
represent an opportunity to test a hypothesis regarding biosynthesis during a 
cyclic, dyna<ic syste< (&�('. �ondiIonal 0uT balance analysis {cFB�| is a <etabolic 
<odelling tool that Sas originally developed to predict the <etabolis< of 
cyanobacteria under dyna<ic dayunight cycles Sith strong dependency on 
resource allocaIon ('. The characterisIcs of the cFB� fra<eSork and the 
si<ilariIes of these cyclic condiIons Sith those of EBPR <ake cFB� a suitable 
<ethod to apply in the conteTt of studying P��s. Recently, the cFB� <ethod Sas 
applied to predict opI<al strategies under dyna<ic environ<ental condiIons 
encountered during EBPR ((. Depending on the environ<ental constraints, 
di,erent opI<al strategies, i.e. organis<s accu<ulaIng polyphosphate {P��s|, 
glycogen {	��s|, polyhydroTyalkanoates {PH�v�s| and heterotrophs Sere 
predicted. The opI<iVaIons resulted in <etabolic strategies co<parable to those 
typically observed for �ccu<ulibacter. �hile the general behaviour Sas correctly 
predicted, there Sere DuanItaIve <is<atches, suggesIng the need for further 
<odel develop<ent probably beyond para<eter calibraIon. Because the <odel 
is strongly shaped by the relaIon betSeen enVy<aIc acIviIes and resource 
allocaIon, there is potenIal for eTpansion in this front. 

EnVy<aIc acIviIes are strongly in0uenced by te<perature and conseDuently 
te<perature plays a crucial role in shaping the <etabolis< of <icroorganis<s (). 
�<ple<entaIon of te<perature dependencies on <etabolic <odels have shed 
light on basic biological principles such as a linear relaIonship betSeen groSth 
rate and riboso<e content (*�(+ and opI<al proteo<e allocaIon as a funcIon of 
te<perature (,. HoSever, these principles result fro< <odels for organis<s such 
as �/�#�.$�#$a��+'$�at steadyvstate and <ay not apply to <icrobial co<<uniIes 
under dyna<ic condiIons. �n the other hand, there are eTtensive eTperi<ental 
studies on the e,ect of te<perature on P��s <etabolis< (-�)%. The current 
<echanisIc understanding of P��s <etabolis< Sith relaIon to te<peratures 
could be co<bined Sith <etabolic <odels such as cFB� to idenIfy <etabolic 
principles governing groSth and resource allocaIon. Especially, at loS 
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te<peratures, the e/cient use of available resources like enVy<e capacity are 
assu<ed to be crucial for evoluIonary co<peIIveness.  

�n the current study, Se co<bined the cFB� <odelling fra<eSork Sith 
te<perature dependency for P��s to idenIfy <etabolic principles regarding 
resource allocaIon. �e co<pared the co<plete <odel Sith and Sithout a 
constraint on anaerobic bio<ass synthesis. �ur results further validate the 
assu<pIon on bio<ass being li<ited to the aerobic sector of EBPR and shed light 
on previously uneTplored putaIve regulaIon on protein biosynthesis. 
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�e .rst invesIgated the predicted <etabolic response of the <odel Sith 
4)�+)/0.a$)���".+60# {Figure 1.�| in a typical EBPR syste< at 20 �� and used it as 
the reference si<ulaIon for further co<parisons. � total cycle length of 5 hours 
Sas applied: 1.5 hours anaerobic and �.5 hours aerobic. �cetate Sas enforced to 
be consu<ed Sithin �0 <inutes of the anaerobic period to si<ulate the 
co<peIIon for substrate and obtain the co<peIIve strategy of organis<s 
enriched under this regi<e ((. The <ini<al iniIal a<ounts {Duota| of storage 
poly<ers {polyphosphate, glycogen and PH�| per bio<ass {<ol u g��| Sere 
introduced in the <odel based on data published by �cevedo, et al. ,. Using these 
condiIons, the reference <etabolic response of P��s si<ulated Sas obtained 
and co<pared to the eTperi<ental pro.les fro< �cevedo, et al. , {Figure 1B|. 
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a,ect the <etabolic shi2 but a,ected the te<perature at Shich the shi2 Sas 
observed {Figure S2|. For eTa<ple, the si<ulaIons indicated a <etabolic shi2 of 
the syste< toSards colder te<peratures beloS either 1� �� or 1� �� Shen 
assu<ing d values for uncharacteriVed reacIons Sith d�1.05 or 1.15 respecIvely. 
Fro< here on, a value of 1.05 Sas used for the reacIons Shere no eTperi<ental 
value Sas available.   

�n�0en�e o� the  ro2th �onstraint on sim0la-ons 
�ith te<perature dependencies i<ple<ented in the <etabolic <odel, Se 
si<ulated a typical EBPR cycle of P��s over a te<perature range fro< � �� to 20 
�� Sith no constraints on groSth. The results shoS a decrease in groSth yield 
Sith a decrease in te<perature folloSing tSo di,erent eTponenIal regions 
{Figure 2.�: �)�+)/0.a$)���".+60#|. �n these si<ulaIons, the <odel e<ployed 
slightly a di,erent <etabolic strategy toSards loSer te<peratures resulIng in a 
larger use of glycogen and polyphosphate over the cycle {Figure 2.B: 
�)�+)/0.a$)��� ".+60#|. �e observed that in the studied te<perature range, 
resources Sere desIned for groSth in both the anaerobic and aerobic phases. 
�nteresIngly, the loSer the te<perature, the higher contribuIon anaerobic 
groSth had on the syste<, especially desIned toSards enVy<e synthesis 
reacIons {reaching up to 25 � of all biosynthesis at te<peratures beloS 10 ��|.  

�lthough there is no conclusive proof that groSth is an eTclusive aerobic process 
in P��s, Se analysed the i<pact of constraining groSth to the aerobic phase only. 
ParIcularly, a constraint Sas introduced to block biosynthesis reacIons during 
anaerobic condiIons. The <odel Sith these neS constraints Sas used to si<ulate 
the previous condiIons {typical EBPR cycle of P��s over a te<perature range 
fro< � �� to 20 ��|. The resulIng groSth yields Sere loSer than those of the 
4)�+)/0.a$)��� ".+60#� <odel and si<ilarly decreased toSards loSer 
te<peratures {Figure 2.�: a�.+�$�� ".+60# <odel|. This decrease, hoSever, 
folloSed a disInct eTponenIal �rrheniusvlike curve. �ddiIonally, these 
si<ulaIons resulted in higher levels of glycogen use at 20 �� then the <odel Sith 
no groSth constraints {�� fold higher| beLer replicaIng the results fro< �cevedo, 
et al. ,. ToSards loSer te<peratures, less glycogen and <ore polyphosphate Sas 
used in these si<ulaIons {Figure 2.B: ��.+�$��".+60#|. 
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gro0t! ��7 Cir�%es �nd dotted %ines: e1periment�% d�t� �rom �n ��P� system retrieved �rom ��evedo5 
et �%7 �7  

The si<ulaIon reproduced co<plete acetate consu<pIon and accu<ulaIon as 
PH� {Figure 1B|, Shile polyphosphate Sas degraded to provide the reDuired �TP 
for the uptake and acIvaIon of acetate and anaerobic <aintenance. Reducing 
eDuivalents {<odelled as N�DH| for PH� accu<ulaIon Sere provided by 
glycogen degradaIon and a fracIon of acetate being channelled through the T�� 
cycle. �hen oTygen beca<e available {aerobic phase, Sith acIvated ET�|, the 
intracellular PH�s Sere degraded and the resources fro< this degradaIon Sere 
used to restore the glycogen and polyphosphate pool. Such <etabolic strategy 
observed in the cycling of poly<ers is typical of �ccu<ulibacter ,�&*�&+. 

�lthough the <odel Sith 4)�+)/0.a$)��� ".+60#� predicted typical pro.les for 
�ccu<ulibacter, there are so<e DuanItaIve <is<atches Sith the co<pared 
eTperi<ental data set {Figure 1.B|, <ainly regarding the a<ount of glycogen and 
PH� useduaccu<ulated Sithin a cycle. This <is<atch betSeen predicIon and 
eTperi<ental data results in part fro< a higher contribuIon of the N�DH 
generated in the T�� cycle leading to loSer reDuired 0uT through glycolysis 
{Figure �, eTplored in the folloSing subsecIons|. �e addiIonally idenI.ed that 
biosynthesis Sas acIve anaerobically in this si<ulaIon {<ainly synthesising 
enVy<es|. To evaluate if the observed <is<atches Sere speci.c to the chosen 
condiIon {EBPR at 20 ��| or based on a syste<aIc feature of our <odelling 
approach, Se eTplored a broad range of di,erent te<peratures.  

Sim0la-ons �or �i�erent tem)erat0res  
Reported, eTperi<entally deter<ined values of te<perature coe/cients {d| in 
P��s range fro< 1.0� for polyphosphate synthesis to up to 1.1� for PH� 
degradaIon {See Table S2 and Figure S1|. For other reacIons of the <etabolic 
<odel {T�� cycle, ET�, protein biosynthesis, riboso<e synthesis, etc.| no speci.c 
d values for P��s Sere found in literature. Therefore, these Sere assu<ed to be 
the sa<e for all uncharacteriVed reacIons and Se analysed the i<pact of this 
value varying Sithin a range of the previous reported values.  

� typical EBPR cycle Sas si<ulated ranging betSeen � �� to 20 ��. For all 
si<ulaIons, a shi2 in the <etabolic strategy toSards loSer te<peratures Sas 
observed {Figure S2|. The tested d value of uncharacteriVed reacIons did not 
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a,ect the <etabolic shi2 but a,ected the te<perature at Shich the shi2 Sas 
observed {Figure S2|. For eTa<ple, the si<ulaIons indicated a <etabolic shi2 of 
the syste< toSards colder te<peratures beloS either 1� �� or 1� �� Shen 
assu<ing d values for uncharacteriVed reacIons Sith d�1.05 or 1.15 respecIvely. 
Fro< here on, a value of 1.05 Sas used for the reacIons Shere no eTperi<ental 
value Sas available.   

�n�0en�e o� the  ro2th �onstraint on sim0la-ons 
�ith te<perature dependencies i<ple<ented in the <etabolic <odel, Se 
si<ulated a typical EBPR cycle of P��s over a te<perature range fro< � �� to 20 
�� Sith no constraints on groSth. The results shoS a decrease in groSth yield 
Sith a decrease in te<perature folloSing tSo di,erent eTponenIal regions 
{Figure 2.�: �)�+)/0.a$)���".+60#|. �n these si<ulaIons, the <odel e<ployed 
slightly a di,erent <etabolic strategy toSards loSer te<peratures resulIng in a 
larger use of glycogen and polyphosphate over the cycle {Figure 2.B: 
�)�+)/0.a$)��� ".+60#|. �e observed that in the studied te<perature range, 
resources Sere desIned for groSth in both the anaerobic and aerobic phases. 
�nteresIngly, the loSer the te<perature, the higher contribuIon anaerobic 
groSth had on the syste<, especially desIned toSards enVy<e synthesis 
reacIons {reaching up to 25 � of all biosynthesis at te<peratures beloS 10 ��|.  

�lthough there is no conclusive proof that groSth is an eTclusive aerobic process 
in P��s, Se analysed the i<pact of constraining groSth to the aerobic phase only. 
ParIcularly, a constraint Sas introduced to block biosynthesis reacIons during 
anaerobic condiIons. The <odel Sith these neS constraints Sas used to si<ulate 
the previous condiIons {typical EBPR cycle of P��s over a te<perature range 
fro< � �� to 20 ��|. The resulIng groSth yields Sere loSer than those of the 
4)�+)/0.a$)��� ".+60#� <odel and si<ilarly decreased toSards loSer 
te<peratures {Figure 2.�: a�.+�$�� ".+60# <odel|. This decrease, hoSever, 
folloSed a disInct eTponenIal �rrheniusvlike curve. �ddiIonally, these 
si<ulaIons resulted in higher levels of glycogen use at 20 �� then the <odel Sith 
no groSth constraints {�� fold higher| beLer replicaIng the results fro< �cevedo, 
et al. ,. ToSards loSer te<peratures, less glycogen and <ore polyphosphate Sas 
used in these si<ulaIons {Figure 2.B: ��.+�$��".+60#|. 
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anaerobic phase, hence Se pri<arily focus on the anaerobic phase of each 
si<ulaIon. 

 

��iigg..rree  EE7 ��%�n�e �nd re��tions invo%ved in t!e ���	 gener�tion =green> �nd �ons.mption 
=m�gent�> d.ring t!e �n�erobi� p!�se �t di��erent temper�t.res o� t!e .n�onstr�ined gro0t! =%e�t 
p�ne%> mode% �nd t!e �erobi� gro0t! =rig!t p�ne%> mode%7 �%��$ �rro0 indi��tes t!e .se o� ���	 
�or biosynt!eti� re��tions s!o0��sing t!e m�in di��eren�e in t!e str.�t.re bet0een bot! mode%s7 
�iosynt!esis �omprised �%% re��tions synt!eti3ing en3ymes5 ribosomes �nd biom�ss pre�.rsors7 �or 
t!e spe�i�i� re��tion stoi�!iometry5 p%e�se see ��b%e �C7 �bbrevi�tions: tri��rbo1y%i� ��id �y�%e =�C�>5 
po%y<!ydro1y<b.tyr�te =P	�>5 po%y<!ydro1y<D<met!y%v�%er�te =P	D��>7 
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o� po%ymer �!�nges over t!e entire temper�t.re r�nge5 see �ig.re �E7 

�om)arison an� analysis o� reso0r�e allo�a-on strate ies 
The di,erent predicIons obtained over the studied te<perature range are 
co<pared in ter<s of their resource allocaIon. Especially, Se focus on the 
allocaIon of electrons {in for< of N�DH| and energy {in the for< of �TP| by 
analysing reacIons using or generaIng these <etabolites. For this, Se analysed 
the generaIon and consu<pIon of N�DH {Figure �| and �TP {Figure �| during the 
anaerobic phase of each si<ulaIon Sith respect to the a<ount of acetate 
consu<ed. Note that the <etabolis< of P��s is strongly constrained in the 
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longer ter< te<perature e,ects. This sa<e behaviour has been reproduced by 
using kineIc <odels &,�)& and even proven to hold true for 	lycogen �ccu<ulaIng 
�rganis<s {	��s| under si<ilar condiIons )'.  

�n the other hand, the constraint li<iIng biosynthesis to be an eTclusive aerobic 
process resulted in predicIons <ore in line Sith the described literature over the 
studied te<perature range &,�(-�(.�)(. 
A�A� the a<ount of glycogen used 
anaerobically in a cycle increased Sith an increase in te<perature {Figure 2, � and 
�: a�.+�$�� groSth|. Further, the overall a<ount of glycogen used {and 
conseDuently PH� accu<ulated| at 20 �� Sas also larger than in the 
4)�+)/0.a$)��� ".+60#� <odel, resulIng in i<proved <odel predicIons Shen 
co<pared to the eTperi<ental dataset obtained by �cevedo, et al. , {Figure 1|. 
Not only the predicIons of the a�.+�$��".+60# <odel approTi<ated beLer the 
results fro< �cevedo, et al. ,, but also the anaerobic stoichio<etric yields for 
glycogen, PH� and polyphosphate .t beLer Sithin the observed yields fro< 
<ulIple P��s enrich<ents at 20 �� {su<<ariVed in �elles, et al. ))| {Figure 5| 
further supporIng the validity of the added biological constraint of this <odel.   

 

��iigg..rree  GG77 �n�erobi� yie%ds o� �%y�ogen =Cmo% g%y�ogen ; Cmo% ��et�te>5 P	� =Cmo% P	� ; Cmo% 
��et�te> �nd po%yp!osp!�te =Pmo% ; Cmo% ��et�te> on ��et�te over � typi��% ��P� �y�%e �t DB AC7 
�!e �ig.re indi��tes � =green> bo1 p%ot s.m�ri3ing typi��% %iter�t.re v�%.es �or P��s enri�!ments 
�rom sever�% rese�r�! gro.ps =s.mm�ri3ed in �e%%es5 et �%7 ��>5 �nd t!e predi�tions �t DB AC �rom t!e 
=or�nge> .n�onstr�ined gro0t! mode% �nd =%ig!t grey> �erobi� gro0t! mode%7 

�ther than the direct e,ect observed on poly<er cycling, the <odel also 
i<proved in ful.lling a basic principle of syste<s biology: linear relaIonship 
betSeen groSth rate and riboso<e content. Such a biological principle is 
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mode%s7 �iosynt!esis �omprised �%% re��tions synt!eti3ing en3ymes5 ribosomes �nd biom�ss 
pre�.rsors7 �or t!e spe�i�i� re��tion stoi�!iometry5 p%e�se see ��b%e �C7 �bbrevi�tions: 
po%yp!osp!�te =Po%yP>5 p!osp!oeno%pyr.v�te ��rbo1y$in�se =P�PC�>5 tri��rbo1y%i� ��id �y�%e =�C�>7 

  The <odel Sith no constraints on anaerobic groSth predicted that, 
anaerobically, N�DH and �TP Sere allocated toSards biosynthesis of enVy<es, 
and this allocaIon greS larger at loSer te<peratures {Figures � and �: 
unconstrained groSth <odel|. The increased need for these resources for 
biosynthesis Sas <et Sith an increased 0uT of glycogen degradaIon {up to 2�0 
� <ore turnover| supplying both the reDuired �TP and N�DH in this <odel, Shich 
.ts the observaIons of a larger turnover of glycogen toSards loSer te<peratures 
{Figure 2: �)�+)/0.a$)���".+60#|.  

PredicIons of the <odel alloSing only aerobic groSth indicated an opposite 
trend than that of the unconstrained <odel. Na<ely, the turnover of N�DH Sas 
larger at higher te<peratures {Figure �| resulIng in a larger turnover of glycogen 
as described in the previous secIon {Figure 2|. �nteresIngly, the larger a<ounts 
of glycogen degraded at higher te<peratures led to an overproducIon of 
electrons than reDuired only for acetate uptake, leading to a higher accu<ulaIon 
of PH2M� as a sink of these electrons. �ddiIonally, the source of �TP produced 
anaerobically in this <odel shi2ed fro< a nearly full contribuIon of 
polyphosphate at loSer te<peratures toSards a shared contribuIon of 
polyphosphate degradaIon, glycogen degradaIon and PEP�
 at higher 
te<peratures {Figure �: ��.+�$��".+60#�<odelI. Note that PEP�
 is a reversible 
reacIon, and as such acts as both an �TP sink and source at loSer and higher 
te<peratures respecIvely. 

 

��!�#!!���(

The mo�el 2ith only aero�i�  ro2th )re�i�ts �e/er )olymer 0se 
o� PAOs 
The <etabolic shi2 predicted by the 4)�+)/0.a$)���".+60#�<odel indicated that 
at loSer te<peratures larger a<ounts of glycogen Sere being degraded than at 
higher te<peratures {Figure 2.B: 4)�+)/0.a$)�� ".+60#|. This result Sas 
surprising and opposite to Shat has been observed eTperi<entally and described 
in literature. Brd9anovic, et al. (. eTposed P��s enrich<ents at short ter< 
te<perature changes and observed that at loSer te<peratures less glycogen Sas 
used overall, contradictory Sith the predicIons of this <odel. Further, Brd9anovic, 
et al. (- con.r<ed the sa<e eTperi<ental observaIons in P��s enrich<ents on 
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�e suggest that the li<it on anaerobic biosynthesis is likely caused due to a 
dyna<ic shi2 in the energeIc and redoT state over an EBPR cycle. The presence 
of an eTternal electron acceptor {$A�A�oTygen| has been proven to strongly a,ect 
the redoT state of cells )+. That is, anaerobically the N�DHuN�D/ raIo increases, 
li<iIng reacIons that are near eDuilibriu< in the cell. �lthough not studied in 
depth during EBPR Se hypothesise that this raIo is dyna<ically changing over a 
cycle {�hao, et al. ), shoSed direct <easure<ents of this raIo, although this 
<ethodology has not been eTtensively proven|. Si<ilarly, Se hypothesise that 
polyphosphate degradaIon could be iniIated anaerobically by ther<odyna<ic 
control caused by a shi2 in the �TPu�MP balance in the cell {hypothesised in early 
P��s research by �o<eau et al. {1���|| as a co<bined conseDuence of fast 
acetate uptake and the changed redoT state. HoSever, the synthesis and 
poly<eriVaIon of proteins reDuires a relaIvely loS �TPu�MP raIo, being opposite 
to that reDuired  for polyphosphate degradaIon )-, <aking both physiological 
processes to be ther<odyna<ically opposed. More research is reDuired in the 
dyna<ics of the redoT and energeIc state of P��s to further understand 
physiological <echanis<s of organis<s living under EBPR like condiIons. 

�irst )rin�i)les mo�ellin  a))roa�h to )re�i�t PAOs meta�olism 
The dyna<ic resource allocaIon <odelling approach applied resulted in typical 
poly<eric pro.les that P��s eThibit in a EBPR cycle {Figure 1| Sithout the need 
of para<eter calibraIon or prede.niIon of <etabolic strategies. Thus, the 
e<ployed <ethod could be used not only to understand the environ<ental 
selecIon on P��s, 	��s and PH�v��s as Sas done by 	uedes da Silva, et al. ((, 
but to test basic <etabolic principles shaping opI<ality in dyna<ic condiIons. 
This <odelling approach represents an alternaIve to tradiIonal used <odelling 
approaches that rely on eTperi<ental yields and kineIcs (�&,�'%, but is hoSever not 
intended to be used as an indicator of EBPR process control or perfor<ance. 

The applied <odel in this research could be used as a tool to eTpand our current 
understanding of redoT and energeIc state of bacterial cells under dyna<ic 
condiIons. For eTa<ple, here Se idenI.ed a potenIal shi2 in the sources of 
N�DH and �TP {Figure � and � respecIvely| as a funcIon of te<perature. Further 
studying these individual contribuIons, this <odel could eTplain the reason 
behind the large variaIon in Pu� raIo obtained by di,erent research groups Shen 
studying P��s enrich<ents {su<<ariVed in da Silva, et al. ).|. This <odel is not 
intended to be used for <onitoring Saste Sater treat<ent plants, but rather to 
gather funda<ental knoSledge that could help i<prove our <echanisIc 
understanding of organis<s co<<only encountered in said processes.�
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para<ount for biological syste<s at balanced groSth (*�(+, and should not be an 
eTcepIon for P��s. The si<ulaIons Sith no groSth constraints at di,erent 
te<peratures shoSed no such linear relaIon {Figure S� � � B|. HoSever, once 
the constraint on li<iIng anaerobic biosynthesis Sas introduced, a linear relaIon 
betSeen groSth rate and riboso<e content e<erged {Figure S� � � D|. �e note 
that recently Mairet, et al. (, shoSed that at higher te<peratures, this linear 
relaIonship breaks, nevertheless the te<perature range of this study is beloS 
such threshold.  

The di,erent predicIons fro< both <odels arose as a conseDuence of resource 
li<itaIon in a syste< that Sas Ightly constrained by its catalyIc capaciIes ('. �t 
loSer te<peratures, the decrease in catalyIc e/ciency of each <etabolic 
process resulted in loSer 0uT capaciIes that could only be resolved by either 
producing larger enVy<aIc levels or adopIng a di,erent <etabolic strategy. Such 
li<itaIons in energy <etabolis< are knoSn to strongly shape the proteo<e and 
<etabolic strategy of <icroorganis<s )*. This Sas clearly observed in the 
4)�+)/0.a$)��� ".+60#� <odel, Shen at loSer te<peratures there Sas an 
increased 0uT of biosynthesis during the anaerobic phase {�$"4.�/�P�and Q|� in 
order to <aintain <etabolic 0uTes high. These higher 0uTes also resulted in 
higher groSth yields of the unconstrained groSth <odel as co<pared to the 
groSth constrained <odel. Such biosyntheIc 0uTes Sere balanced Sith 
increased glycogen degradaIon that generated the reDuired N�DH, �TP and 
<etabolic precursors. �s these results strongly contradict Shat has been 
observed eTperi<entally, Se conclude that indeed anaerobic biosynthesis is 
severely li<ited in P��s. 

The afore<enIoned discussed results highlight the validity of the neSly 
introduced constraint as a general biological principle that could apply to P��s 
such as �ccu<ulibacter, but <ight even be generaliVed to organis<s that are 
adapted to live under dyna<ic anaerobicuaerobic environ<ents such as those 
encountered in EBPR or estuary sedi<ents. NeTt, Se aLe<pt to give a biological 
<eaning to the introduced constraint on li<iIng bio<ass synthesis and 
hypothesise on the possible regulaIon behind it. 

P0ta-1e re 0la-on o� �iosynthesis 0n�er �ynami� �on�i-ons 
Bio<ass synthesis in P��s has been co<<only assu<ed to be li<ited to only the 
aerobic phase '&�''. HoSever, these assu<pIons have never been proven 
eTperi<entally. Since anaerobic groSth is very co<<on a<ong bacteria it cannot 
si<ply be assu<ed as nonveTisIng in P��s. 
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�e suggest that the li<it on anaerobic biosynthesis is likely caused due to a 
dyna<ic shi2 in the energeIc and redoT state over an EBPR cycle. The presence 
of an eTternal electron acceptor {$A�A�oTygen| has been proven to strongly a,ect 
the redoT state of cells )+. That is, anaerobically the N�DHuN�D/ raIo increases, 
li<iIng reacIons that are near eDuilibriu< in the cell. �lthough not studied in 
depth during EBPR Se hypothesise that this raIo is dyna<ically changing over a 
cycle {�hao, et al. ), shoSed direct <easure<ents of this raIo, although this 
<ethodology has not been eTtensively proven|. Si<ilarly, Se hypothesise that 
polyphosphate degradaIon could be iniIated anaerobically by ther<odyna<ic 
control caused by a shi2 in the �TPu�MP balance in the cell {hypothesised in early 
P��s research by �o<eau et al. {1���|| as a co<bined conseDuence of fast 
acetate uptake and the changed redoT state. HoSever, the synthesis and 
poly<eriVaIon of proteins reDuires a relaIvely loS �TPu�MP raIo, being opposite 
to that reDuired  for polyphosphate degradaIon )-, <aking both physiological 
processes to be ther<odyna<ically opposed. More research is reDuired in the 
dyna<ics of the redoT and energeIc state of P��s to further understand 
physiological <echanis<s of organis<s living under EBPR like condiIons. 

�irst )rin�i)les mo�ellin  a))roa�h to )re�i�t PAOs meta�olism 
The dyna<ic resource allocaIon <odelling approach applied resulted in typical 
poly<eric pro.les that P��s eThibit in a EBPR cycle {Figure 1| Sithout the need 
of para<eter calibraIon or prede.niIon of <etabolic strategies. Thus, the 
e<ployed <ethod could be used not only to understand the environ<ental 
selecIon on P��s, 	��s and PH�v��s as Sas done by 	uedes da Silva, et al. ((, 
but to test basic <etabolic principles shaping opI<ality in dyna<ic condiIons. 
This <odelling approach represents an alternaIve to tradiIonal used <odelling 
approaches that rely on eTperi<ental yields and kineIcs (�&,�'%, but is hoSever not 
intended to be used as an indicator of EBPR process control or perfor<ance. 

The applied <odel in this research could be used as a tool to eTpand our current 
understanding of redoT and energeIc state of bacterial cells under dyna<ic 
condiIons. For eTa<ple, here Se idenI.ed a potenIal shi2 in the sources of 
N�DH and �TP {Figure � and � respecIvely| as a funcIon of te<perature. Further 
studying these individual contribuIons, this <odel could eTplain the reason 
behind the large variaIon in Pu� raIo obtained by di,erent research groups Shen 
studying P��s enrich<ents {su<<ariVed in da Silva, et al. ).|. This <odel is not 
intended to be used for <onitoring Saste Sater treat<ent plants, but rather to 
gather funda<ental knoSledge that could help i<prove our <echanisIc 
understanding of organis<s co<<only encountered in said processes.�
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��"� ���!(���(��"���!(

�o�el �es�ri)-on 
For <odelling the <etabolis< and energy allocaIon of P��s, a constrainedvbased 
approach na<ed condiIonal 0uT balance analysis {cFB�| Sas used ('. The <odel 
and para<eters for P��s Sas obtained fro< 	uedes da Silva, et al. ((.  

The <odel consists of 2� <etabolites connected by �� reacIons {Figure 1�| 
represented in a stoichio<etric <atriT SS. �ll netSork reacIons and stoichio<etry 
are detailed in �a�'���N. Di,erent to convenIonal approaches, only a subset of 
<etabolites {� <etabolites| are considered in steady state by the relaIon: 


!�� �� % � , 

Shere 
! denotes the stoichio<etric <atriT subset of steady state <etabolites and 
�� denotes the 0uTes of each reacIon at I<e interval 0. The re<aining 22 
<etabolites are dyna<ic, i.e. are alloSed to accu<ulate or deplete over I<e 
{poly<ers, enVy<es and bio<ass precursors| and their <olar a<ount is updated 
at each I<e point by the folloSing relaIon: 

�� % 
(�� �� #��
� 

�� is a vector that indicates the <olar a<ount of the nonvsteady state 
<etabolites at I<e interval 0, and 
( denotes the stoichio<etric <atriT subset of 
the dyna<ic <etabolites {not in steady state|. 

�$+(a//�".+60#�a)���+(,+/$1+)�
	roSth of the syste< at the end of the si<ulaIon is described as the overall foldv
change {�| of the iniIal <etabolite co<posiIon {�
|: 

���� % �� 	 �
 

This relaIon introduces the possibility to si<ulate a syste< in a cycle, as the 
proporIons of nonvsteady state <etabolites need to be <aintained only at the 
end of the si<ulaIon. The values of �
 are an outco<e of the si<ulaIon in order 
to achieve <aTi<al groSth but li<ited to the total su< of 1 gra< dry Seight {"��| 
by the relaIon: 

�� � �
 % ��, 

Shere 6� is a transposed vector containing the Seights that di,erent co<ponents 
have on 1 g�� of bio<ass. The values in 6�  Sere de.ned by 	uedes da Silva, et 
al. (( for glycogen, polyphosphate and PH� levels based on data published by 
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(

�����#!���!(
Fro< this research, Se can conclude that: 

�� Resource allocaIon theory delivers a strong fra<eSork to analyse 
<etabolic processes in <icrobial co<<uniIes typically found in 
SasteSater treat<ent syste<s 

�� �ntegraIng te<perature into a FB� <odels of organis<s living in dyna<ic 
condiIons alloSs for deeper understanding of resource allocaIon 
li<itaIons of cells. 

�� Based on the resource allocaIon theory results, the biosyntheIc routes 
of �ccu<ulibacter are li<ited to the aerobic phase of the EBPR cycle. 
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�o�el �es�ri)-on 
For <odelling the <etabolis< and energy allocaIon of P��s, a constrainedvbased 
approach na<ed condiIonal 0uT balance analysis {cFB�| Sas used ('. The <odel 
and para<eters for P��s Sas obtained fro< 	uedes da Silva, et al. ((.  

The <odel consists of 2� <etabolites connected by �� reacIons {Figure 1�| 
represented in a stoichio<etric <atriT SS. �ll netSork reacIons and stoichio<etry 
are detailed in �a�'���N. Di,erent to convenIonal approaches, only a subset of 
<etabolites {� <etabolites| are considered in steady state by the relaIon: 


!�� �� % � , 

Shere 
! denotes the stoichio<etric <atriT subset of steady state <etabolites and 
�� denotes the 0uTes of each reacIon at I<e interval 0. The re<aining 22 
<etabolites are dyna<ic, i.e. are alloSed to accu<ulate or deplete over I<e 
{poly<ers, enVy<es and bio<ass precursors| and their <olar a<ount is updated 
at each I<e point by the folloSing relaIon: 

�� % 
(�� �� #��
� 

�� is a vector that indicates the <olar a<ount of the nonvsteady state 
<etabolites at I<e interval 0, and 
( denotes the stoichio<etric <atriT subset of 
the dyna<ic <etabolites {not in steady state|. 
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	roSth of the syste< at the end of the si<ulaIon is described as the overall foldv
change {�| of the iniIal <etabolite co<posiIon {�
|: 

���� % �� 	 �
 

This relaIon introduces the possibility to si<ulate a syste< in a cycle, as the 
proporIons of nonvsteady state <etabolites need to be <aintained only at the 
end of the si<ulaIon. The values of �
 are an outco<e of the si<ulaIon in order 
to achieve <aTi<al groSth but li<ited to the total su< of 1 gra< dry Seight {"��| 
by the relaIon: 

�� � �
 % ��, 

Shere 6� is a transposed vector containing the Seights that di,erent co<ponents 
have on 1 g�� of bio<ass. The values in 6�  Sere de.ned by 	uedes da Silva, et 
al. (( for glycogen, polyphosphate and PH� levels based on data published by 
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�����#!���!(
Fro< this research, Se can conclude that: 

�� Resource allocaIon theory delivers a strong fra<eSork to analyse 
<etabolic processes in <icrobial co<<uniIes typically found in 
SasteSater treat<ent syste<s 

�� �ntegraIng te<perature into a FB� <odels of organis<s living in dyna<ic 
condiIons alloSs for deeper understanding of resource allocaIon 
li<itaIons of cells. 

�� Based on the resource allocaIon theory results, the biosyntheIc routes 
of �ccu<ulibacter are li<ited to the aerobic phase of the EBPR cycle. 
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<<olug��uh|. �therSise, the upper bounds Sere de.ned by the a<ount of a 
speci.c catalyst and the turnover rate of this catalyst {&��	
� values| by: 

�� & ���� � ������  

Shere �	
� denotes a subsecIon of �	 containing the <olar a<ount of enVy<es 
at I<e 0 and� &��	
� a vector Sith the catalyIc turnover nu<ber {&��	
�| of each 
enVy<e. �ll reacIons fro< the syste< eTcept for ��' di,usion are catalysed by 
enVy<es or riboso<es. The &��	
� values for each reacIon Sere adapted fro< the 
Sork fro< RQgen, et al. (' and if not considered in their research it Sas obtained 
fro< the BREND� database *&. The <olar cost of all the enVy<es Sas the assu<ed 
to be the sa<e based on the Sork fro< RQgen, et al. ('. 

�a$)0�)a)���.�-4$.�(�)0/@�
 Metabolic <odels co<<only consider the eTpenditure of energy {�TP| for basic 
<aintenance purposes. Here, a constant 0uT of 0.���0 <<ol �TPug��uh Sas 
used, based on literature values for P��s &+. This value is assu<ed for the 
anaerobic as Sell as aerobic phase and is independent of the a<ount of available 
substrate. 

�$(4'a1+)�+���8)a($���+)�$1+)/@��
Si<ulaIons Sere perfor<ed considering a typical EBPR cycle: an anaerobic phase 
of 1.5 hours folloSed by an aerobic phase of �.5 hours. The anaerobic condiIons 
Sere si<ulated by seMng the upper bound for the electron transport chain {ET�| 
reacIon to 0 <<ol �'ug�� uh. �onversely, during the aerobic phase the upper 
bound of this reacIon Sas only li<ited by the capacity of the respecIve enVy<e 
constraint. The substrate {acetate| Sas available at the beginning of the anaerobic 
phase {t�0h| by seMng an iniIal <etabolite Duota for the starIng a<ount. To 
enforce rapid consu<pIon, a <aTi<u< Duota of 0 <<olug��uh Sas set at �0 
<inutes. 

�,1($9a1+)�0a."�0�a)��a'"+.$0#(�4/��@��
The previously de.ned constraints {eDualiIes and ineDualiIes of the <odel| are 
discreIVed in de.ned I<e intervals throughout the cycle. Linear progra<<ing 
Sas then used to idenIfy possible 0uT distribuIons at each I<e interval Sithout 
an opI<iVaIon ob9ecIve. Thus, the obtained 0uT distribuIon for each I<e point 
is not an opI<al uniDue soluIon, but rather a possible soluIon that ful.ls the 
eDuality and ineDuality constraints <enIoned so far {steady state <etabolites, 
iniIal <etabolite co<posiIon, Duotas and enVy<e capaciIes|.  

The possible soluIons can be further constrained for any given < value {fold 
change of the syste<|. The overall opI<al target {<aTi<u< possible < value| Sas 
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�cevedo, et al. ,. Data published by �cevedo, et al. , belong to a reactor 
perfor<ing � �� � phosphate re<oval Sith a de.ned populaIon of � �5 � P��s 
and shoS clearly idenI.ed cycling of polyphosphate, glycogen, PHB and PH�.   
Protein content Sas based on the Sork of �Qcesoy, et al. *%.  

�4+0a����)$1+)�+���+(,+4)�/�
The <etabolites that are not in steady state consist of storage poly<ers 
{glycogen, polyphosphate, PHB and PH2M�|, catalyIc <etabolites {enVy<es and 
riboso<es| and nonvcatalyIc <etabolites {na<ed here as bio<ass precursors 
and other proteins|. Because so<e of these <etabolites do not reinforce the 
autocatalyIc behaviour of the syste<, their values in the vector �
�Sill tend to 
be 0 as this vector is an outco<e of the si<ulaIon to opI<iVe groSthA To enforce 
the synthesis of these co<pounds, RQgen, et al. (' introduced the concept of 
Duota co<pounds folloSing the relaIon: 

���������� ' 
�������)�
� � ��* 

�n this relaIon, ������� is a <atriT containing the indeT posiIons in the � vector 

of the <etabolites for Shich the Duota is being de.ned at I<e point 0. 
������ is 

a vector containing the values for the said Duotas. The indicated relaIon Sas used 
to de.ne <ini<al Duota levels at I<e 0 for glycogen, polyphosphate and PH�s 
based on data published by �cevedo, et al. ,. �t Sas also used to de.ne an allvI<e 
<ini<al level of bio<ass precursors and nonvcatalyIc proteins.  

For this research, the concept of Duota co<pounds Sas slightly <odi.ed to 
include speci.c and <aTi<u< Duota co<pounds at indicated I<e points.  

������������� % 
����������)�
� � ��* 

�������������� & 
�����������)�
� � ��* 

These addiIonal concepts Sere used to de.ne a set iniIal a<ount of substrate 
{acetate| at I<e 0 hours and to enforce its uptake by seMng a <aTi<u< Duota 
of 0 at 0.5 hours of the cycle. 

Ca0a'81��a)��)+)G�a0a'81���+)/0.a$)0/�+)� 47�/�
 �o<parable to convenIonal FB�, each reacIon can be li<ited according to prev
assigned values in a loSer {'�| and upper bound {4�| vector at each I<e point. 

��� & �� & ��� 

The loSer and upper bounds Sere used to specify environ<ental li<its on 
reacIons {�A"A during the anaerobic period, oTygen consu<ing had an 4� of 0 
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<<olug��uh|. �therSise, the upper bounds Sere de.ned by the a<ount of a 
speci.c catalyst and the turnover rate of this catalyst {&��	
� values| by: 

�� & ���� � ������  

Shere �	
� denotes a subsecIon of �	 containing the <olar a<ount of enVy<es 
at I<e 0 and� &��	
� a vector Sith the catalyIc turnover nu<ber {&��	
�| of each 
enVy<e. �ll reacIons fro< the syste< eTcept for ��' di,usion are catalysed by 
enVy<es or riboso<es. The &��	
� values for each reacIon Sere adapted fro< the 
Sork fro< RQgen, et al. (' and if not considered in their research it Sas obtained 
fro< the BREND� database *&. The <olar cost of all the enVy<es Sas the assu<ed 
to be the sa<e based on the Sork fro< RQgen, et al. ('. 

�a$)0�)a)���.�-4$.�(�)0/@�
 Metabolic <odels co<<only consider the eTpenditure of energy {�TP| for basic 
<aintenance purposes. Here, a constant 0uT of 0.���0 <<ol �TPug��uh Sas 
used, based on literature values for P��s &+. This value is assu<ed for the 
anaerobic as Sell as aerobic phase and is independent of the a<ount of available 
substrate. 

�$(4'a1+)�+���8)a($���+)�$1+)/@��
Si<ulaIons Sere perfor<ed considering a typical EBPR cycle: an anaerobic phase 
of 1.5 hours folloSed by an aerobic phase of �.5 hours. The anaerobic condiIons 
Sere si<ulated by seMng the upper bound for the electron transport chain {ET�| 
reacIon to 0 <<ol �'ug�� uh. �onversely, during the aerobic phase the upper 
bound of this reacIon Sas only li<ited by the capacity of the respecIve enVy<e 
constraint. The substrate {acetate| Sas available at the beginning of the anaerobic 
phase {t�0h| by seMng an iniIal <etabolite Duota for the starIng a<ount. To 
enforce rapid consu<pIon, a <aTi<u< Duota of 0 <<olug��uh Sas set at �0 
<inutes. 

�,1($9a1+)�0a."�0�a)��a'"+.$0#(�4/��@��
The previously de.ned constraints {eDualiIes and ineDualiIes of the <odel| are 
discreIVed in de.ned I<e intervals throughout the cycle. Linear progra<<ing 
Sas then used to idenIfy possible 0uT distribuIons at each I<e interval Sithout 
an opI<iVaIon ob9ecIve. Thus, the obtained 0uT distribuIon for each I<e point 
is not an opI<al uniDue soluIon, but rather a possible soluIon that ful.ls the 
eDuality and ineDuality constraints <enIoned so far {steady state <etabolites, 
iniIal <etabolite co<posiIon, Duotas and enVy<e capaciIes|.  

The possible soluIons can be further constrained for any given < value {fold 
change of the syste<|. The overall opI<al target {<aTi<u< possible < value| Sas 
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So�2are an� mo�el a1aila�ility 
�ll si<ulaIons Sere perfor<ed in M�TL�B version �.� {R201�b| using L�NPR�	 
as the linear opI<iVaIon solver. The original cFB� <odel Sas retrieved fro< 
RQgen, et al. (' and the P��s speci.c <odel retrieved fro< 	uedes da Silva, et al. 
((. The adapted <odel used in this study is available at 	itLab pro9ect �D ��202��0 
{hLps:uugitlab.co<udel2ypaosucFB�yte<perature|.  
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set folloSing the approach introduced by RQgen, et al. (' and used by Rei<ers, et 
al. *' and 	uedes da Silva, et al. ((. Brie0y, a search for <�values that ful.l the linear 
constraints is perfor<ed using an algorith< of binary search unIl the highest 
achievable <�value is found Sith a de.ned accuracy {<ini<al stepvsiVe| of 10�,. 
Due to the presence of internal cycles in the <etabolic <odel, the soluIon 
obtained is not uniDue. To further li<it the soluIon space, Se idenI.ed and 
li<ited internal cycles fro< the available soluIons Sith no e,ect on the outco<e 
of the si<ulaIon.  

��(,�.a04.����,�)��)�$�/@��
Te<perature Sas i<ple<ented as a para<eter a,ecIng the turnover rates {&��	| 
of individual reacIons folloSing the si<pli.ed �rrhenius eDuaIon fro< � to 20 
��. This relaIon has been used previously to describe te<perature e,ect on the 
kineIcs of P��s using a blackvboT kineIc <odel &,�(- and is eTpressed as: 

�����)�* % �������
 	 ����
�
�� , 

Shere &��	�H�I represents the k��� value at te<perature �, &��	���
� the k��� value at 20 
�� {de.ned as opI<al te<perature for P��s| and theta {d| the te<perature 
coe/cient for the speci.c reacIon in DuesIon. The values for d are reacIon 
speci.c, and Sere adapted fro< the previously deter<ined d values found in 
LopeVv�aVDueV, et al. &, and su<<ariVed in �a�'���O. The values for d of reacIons 
that have not been deter<ined Sere set Sithin the range of esI<ated d values 
for co<parable bioconversions. The e,ect of the set d values on the <odel 
predicIon Sas evaluated Sith a general para<eter sSeep. 

�$(4'a1+)�6$0#�a)��6$0#+40��$+(a//�/8)0#�/$/��+)/0.a$)/@�
 To evaluate the e,ect that bio<ass groSth during the enIre cycle or only during 
the aerobic phase, tSo si<ulaIons Sere perfor<ed. These si<ulaIons are 
referred to as the 4)�+)/0.a$)���".+60# {no constrains on biosynthesis| and the 
a�.+�$��".+60# {biosynthesis can only occur during the aerobic period| <odels. 
The only di,erence betSeen both <odels lays on the upper bounds alloSed for 
the reacIons involved in protein and riboso<es producIon {including enVy<es| 
and synthesis of bio<ass precursors {BMP| synthesis {See �a�'���N for infor<aIon 
on the stoichio<etry of these reacIons|. �n the 4)�+)/0.a$)��� ".+60#�<odel, 
these bounds Sere constrained like all other reacIons {set by the catalyIc 
li<itaIons|, Shereas in the a�.+�$��".+60# <odel, these upper bounds Sere set 
to 0 <<olug
�uh during the anaerobic phase. 
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So�2are an� mo�el a1aila�ility 
�ll si<ulaIons Sere perfor<ed in M�TL�B version �.� {R201�b| using L�NPR�	 
as the linear opI<iVaIon solver. The original cFB� <odel Sas retrieved fro< 
RQgen, et al. (' and the P��s speci.c <odel retrieved fro< 	uedes da Silva, et al. 
((. The adapted <odel used in this study is available at 	itLab pro9ect �D ��202��0 
{hLps:uugitlab.co<udel2ypaosucFB�yte<perature|.  
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This study eTplores the <etabolic i<plicaIons of dual substrate uptake in 
DCa)�$�a04/����4(4'$�a�0�.E, focusing on the covconsu<pIon of volaIle faLy 
acids and a<ino acids under condiIons typical of enhanced biological 
phosphorus re<oval {EBPR| syste<s. �o<bining batch tests fro< highly enriched 
sCaA� �ccu<ulibactert cultures Sith condiIonal 0uT balance analysis {cFB�| 
predicIons, Se de<onstrated that covconsu<pIon of acetate and aspartate 
leads to synergisIc <etabolic interacIons, loSering �TP loss co<pared to 
individual substrate consu<pIon. The <etabolic synergy arises fro< the 
co<ple<entary roles of acetate and aspartate uptake: acetate uptake provides 
acetylv�o� to support aspartate <etabolis<, Shile aspartate conversion 
generates N�DH, reducing the need for glycogen degradaIon during acetate 
uptake. �e ter<ed this type of <etabolic interacIon as reciprocal synergy. �e 
further eTpanded our predicIons to uncover three types of interacIons betSeen 
catabolic pathSays Shen substrates are covconsu<ed by sCaA��ccu<ulibactert: 
{i| neutral, {ii| onevSay synergisIc and {iii| reciprocal synergisIc interacIons. �ur 
results highlight the i<portance of netSork topology in deter<ining <etabolic 
interacIons and opI<iVing resource use. These .ndings provide neS insights into 
the <etabolis< sCaA��ccu<ulibactert and suggest strategies for i<proving EBPR 
perfor<ance in SasteSater treat<ent plants, Shere the in0uent typically 
contains a <iTture of organic carbon co<pounds.  
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evaluated for acetate and succinate covconsu<pIon'(, though the entry point of 
succinate bypasses fu<arate reductase, raising the DuesIon of Shether this 
synergy is indeed driven by ,(� or an unidenI.ed <etabolic interacIon. 

Understanding the interacIons Sithin <etabolic netSorks is challenging due to 
the co<pleTity and interconnectedness of <etabolites, especially energy carriers 
like �TP, N�DH, F�DH'

'). �n this regard, <etabolic <odelling provides valuable 
tools for studying these netSorks and hoS interacIons e<erge fro< 
stoichio<etric rules. TechniDues such as FluT Balance �nalysis {FB�| can <odel 
steadyvstate <etabolic operaIons'*, but <ore advanced <ethods are needed for 
dyna<ic syste<s like EBPR'+�'-. �ne such <ethod is condiIonal FB� {cFB�|'., 
Shich has been successfully used to <odel sCaA��ccu<ulibactert <etabolis<, 
Shere intracellular storage poly<ers cycling e<erged as a property of <odel 
stoichio<etry and environ<ental condiIons(%. HoSever, hoS these e<ergent 
properIes�change Sith <ulIple substrates re<ains an open DuesIon. 

To address this, Se ai<ed to understand the <etabolic i<plicaIons of dual 
substrate uptake in sCaA� �ccu<ulibactert under the dyna<ic condiIons 
characterisIc of EBPR. �e developed and tested a <etabolic <odel for the 
uptake of varying acetate and aspartate raIos to uncover synergisIc interacIons 
that i<prove groSth yields. These .ndings Sere validated Sith labvscale 
enrich<ents and the <echanis<s behind the synergy are described. Finally, Se 
eTtended this <odelling approach to eTplore interacIons Sith addiIonal 
substrates, idenIfying a basic biological principle of <etabolic interacIons. This 
Sork lays the groundSork for further eTploraIon of <ulIple substrate 
consu<pIon, Shich could potenIally lead to increased bio<ass yields co<pared 
to individual substrate consu<pIon.  

 

��!#�"!(

Di�erent anaero�i� stoi�hiometries are em)loye� �or a�etate8 
as)artate an� �om�ine� s0�strate 0)ta$e �y :����
A��0m0li�a�ter; 
�e eTpanded a previous <etabolic <odel of sCaA� �ccu<ulibactert(' to 
incorporate uptake <echanis<s for acetate and aspartate {Figure 1.�|. NeTt, Se 
si<ulated the concurrent uptake of both substrates at varying raIos. To nor<aliVe 
the si<ulaIons, Se ensured that the co<bined substrates provided the sa<e 
a<ount of electron eDuivalents {analogous to the che<ical oTygen de<and, <ost 
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Enhanced biological phosphorous re<oval {EBPR| syste<s are co<pleT, dyna<ic 
environ<ents that foster the groSth of <iTed <icrobial co<<uniIes. �<ongst 
these, <e<bers of the genus sCaA��ccu<ulibactert are do<inant, both in ter<s 
of biovolu<e&��' and protein content(��), highlighIng their key role in the biological 
conversions that drive this process. Their uniDue <etabolic capabiliIes alloS 
the< to accu<ulate large a<ounts of polyphosphate {PolyP|*�� + under cyclic, 
dyna<ic environ<ents. No pure cultures of sCaA��ccu<ulibactert are available, 
<aking research reliant on highly enriched cultures {� �0 � biovolu<e&�� '| for 
characteriVaIon. 

The <etabolis< of sCaA� �ccu<ulibactert depends on the cycling of 
polyhydroTyalkanoates {PH�s|, PolyP and glycogen during an EBPR cycle,�.. This 
enables the rapid anaerobic uptake and accu<ulaIon of volaIle faLy acids {�F�s| 
inside the <icrobial cells. The stored poly<ers can be subseDuently oTidiVed 
aerobically, generaIng enough energy for groSth and the accu<ulaIon of PolyP. 
Research on this <etabolic strategy has predo<inantly focused on feeding single 
substrates, such as �F�s like acetate &%�&' and propionate &(, as Sell as nonv�F� 
substrates like glucose &)��&*, and a<ino acids like aspartate and gluta<ate&+. 

�t is noteSorthy that environ<ents containing only a single substrate are rare in 
nature, and SasteSater treat<ent plants are no eTcepIon. �asteSater typically 
contains a <iTture of organic substrates, including faLy acids, a<ino acids, sugars 
and lipids&,�&.. Understanding the e,ects of <ulIple substrates on the 
<etabolis< of <icroorganis<s involved in phosphate re<oval is therefore crucial 
for opI<iVing EBPR processes. 

Despite the i<portance of <iTed substrates, studies on the <etabolic 
<echanis<s of sCaA��ccu<ulibactert during the si<ultaneous uptake of tSo or 
<ore substrates are very li<ited. Studies have reported covconsu<pIon of 
acetate Sith glucose &*��'%, acetate Sith propionate and lactate '& and acetate Sith 
glycerol'' in enrich<ent cultures, but the interacIons betSeen the <etabolic 
strategies for consu<pIon of each substrate re<ains poorly understood.  

� notable study by Qiu et al. &+ stands out for its detailed eTa<inaIon of the 
concurrent uptake of acetate Sith either aspartate or gluta<ate. This research 
idenI.ed a potenIal synergy betSeen acetate and aspartate, Shere aspartate 
uptake led to a net energy gain {�� � �TP gain|, enhancing acetate uptake. The 
proposed <echanis< Sas the operaIon of fu<arate reductase {reducing 
fu<arate to succinate| Shich contributes to the ,.+0+)� (+15�� �+.��� {p<f| 
reDuired for acetate transport. More recently, a si<ilar energeIc gain Sas 
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��iigg..rree  CC77  �i��erent  �n�erobi� stoi�!iometries emp%oyed �or t!e .pt�$e o� ��et�te5 �sp�rt�te �nd 
�ombined s.bstr�tes7 ==��>>  ��!em�ti� represent�tion o� t!e met�bo%i� mode% o� 9C�7 ���.m.%ib��ter: 
.sed �or sim.%�tions7 �et�bo%ites �re represented �s �i%%ed �ir�%es �onne�ted vi� re��tions 0it! grey 
%ines7 �ed �rro0s indi��te t!e entry point �or s.bstr�te .pt�$e in �entr�% ��rbon met�bo%ism7 
Intr��e%%.%�r stor�ge po%ymers �re represented �s 0!ite bo1es7 ==��>>  �n�erobi� �onversions d.ring t!e 
.pt�$e o� ��et�te;�sp�rt�te �t v�rying e%e�tron e*.iv�%ent r�tios sim.%�ted 0it! ����7 =In b%.e> P	� 
���.m.%�tion s.bdivided into P	�s �rom ��ety%<Co� =CD> �nd �rom propiony%<Co� =CE>7 =In red> 
�%y�ogen �nd Po%yp!osp!�te �ons.mption7 �!ree spe�i�i� sim.%�tions m�r$ed 0it! symbo%s =�ir�%e5 
tri�ng%e �nd s*.�re> 0ere �on�irmed e1periment�%%y in �ig.re D7 

To validate the <odelling results, batch tests Sere perfor<ed on a lab reactor 
enrich<ent culture. DF�SH analysis esI<ated the biovolu<e abundance of sCaA�
�ccu<ulibactert at �� � � �., Shile <etageno<ics analysis revealed the 
enrich<ent of a clade � strain closely related to sCaA��ccu<ulibacter regalist. The 
enriched geno<e harboured the co<plete geneIc potenIal reDuired for 
aspartate <etabolis< {Figure 2.�|.  

The batch con.r<ed the opI<al strategies predicted by the cFB� si<ulaIons. 
Substrate co<posiIons Sere evaluated under three regi<es: acetate, aspartate 
and a �5:55 electron eDuivalence raIo of acetate to aspartate consu<pIon 
{regi<es <arked in Figure 1.B|. The eTperi<ental results closely <atched the 
predicted stoichio<etries {Figure 2.B|. Speci.cally, in the acetatevfed regi<e, 
PH�s accu<ulated anaerobically <ainly as acetylv�o� precursors, acco<panied 
by the degradaIon of polyphosphate and glycogen. �n the <iTed substrate 
regi<e, PH�s accu<ulated as a balanced <iTture of both acetylv�o� and 
propionylv�o� precursors, Sith loSer glycogen degradaIon per electron 
eDuivalent consu<ed co<pared to the acetatevonly regi<e, consistent Sith the 
predicIons. Finally, in the aspartatevfed regi<e, PH�s accu<ulated Sith a 
substanIal decrease in acetylv�o� precursors. This regi<e reDuired the highest 
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Sidely used in engineering|, <eaning the raIos Sere ad9usted to achieve 
qelectron eDuivalence’ rather than <olar eDuivalence {see <ethods for details|. 
The predicIons indicated that the opI<al anaerobic strategies e<ployed for the 
individual uptake of acetate or aspartate Sere di,erent, and that a <iTed uptake 
also resulted in di,erent individual anaerobic strategies rather than linear 
co<binaIons of the individual strategies {Figure 1.B|.  

�ith acetate as the sole substrate, polyP and glycogen Sere degraded to supply 
resources for PH� accu<ulaIon pri<arily as acetylv�o� precursors Sith a s<aller 
fracIon of propionylv�o�. �s the fracIon of aspartate uptake increased, less 
glycogen degradaIon Sas reDuired and larger fracIon of PH�s as propionylv�o� 
precursors Sas synthesiVed. �t an eDual electron eDuivalence raIo of acetate to 
aspartate, glycogen degradaIon halted. �n scenarios Sith higher aspartate 
fracIons, glycogen degradaIon Sas not observed, and the PH� pool shoSed a 
higher do<inance of propionylv�o� precursors Sith a higher de<and for 
polyphosphate degradaIon {Figure 1.B|. 
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substanIal decrease in acetylv�o� precursors. This regi<e reDuired the highest 
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��iigg..rree  EE77  ==��>>  �iom�ss gro0t! yie%d �s � d.p%i��tion =M gro0t!> in one �y�%e per e%e�tron e*.iv�%ents 
�ed �t v�rying �r��tions o� ��et�te �sp�rt�te7 ���! region represents � .ni*.e met�bo%i� str�tegy 
emp%oyed by t!e mode% to optimi3e gro0t!7 ==��>> ��tive met�bo%i� oper�tion d.ring �n�erobi� 
s.bstr�te .pt�$e predi�ted vi� t!e ���� mode% �t e��! region indi��ted in =�>7 �et�bo%i� re��tions 
�ontrib.ting to � net ��P %oss o� t!e system �onsidering t!e 0!o%e ��P� �y�%e !�ve been !ig!%ig!ted 
in red7 
o0er t!i�$ness in �egion II i%%.str�tes t!e %o0er dem�nd on g%y�ogen degr�d�tion t!�n in 
�egion I7   

During acetate uptake, glycogen Sas degraded to supply N�DH necessary for PH� 
accu<ulaIon. The <ost e/cient strategy for PH� accu<ulaIon re0ected in the 
<odel involved glycogen degradaIon via glycolysis to phosphoenolpyruvate 
{PEP|, then converIng PEP to oTaloacetate {���| to fuel the T�� cycle. This 
alloSed parIal acetate oTidaIon in the right branch of the T�� cycle, producing 
N�DH and Propionylv�o�vtype PH�s {Figure �.B w region �|. HoSever, during the 
aerobic phase, this strategy reDuired glycogen replenish<ent and the resulIng 
glycolysisugluconeogenesis operaIon over the cycle results in a net �TP loss, thus 
reducing the overall groSth yield.  

�s the aspartatevtovacetate raIo increased, aspartate <etabolis< generated 
addiIonal N�DH via aspartate oTidase that countered the N�DH reDuire<ent 
fro< glycogen degradaIon {Figure �.B w region ��|, thus loSering the net �TP loss 
in the glycolysisugluconeogenesis cycle, Shich i<proved groSth yields. �hen the 
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polyphosphate degradaIon and no glycogen degradaIon, aligning Sith the 
predicIons {See Figure 1.B and Figure 2.B for co<parison|. 
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��bb  ��..%%tt..rree  eennrrii��!!mmeenntt  ��nndd  ee11ppeerriimmeenntt��%%  vv��%%iidd��ttiioonn  oo��  tt!!ee  mmooddee%%77  ==��>>  �i�robi�% 
�omm.nity �n�%ysis 0it! met�genomi�s �nd �I�	7 �et�genomi�s reve�%ed t!e enri�!ment o� �n 
��� �%ose%y �sso�i�ted to C�7 ���.m.%ib��ter C%�de I 9C�7 ���.m.%ib��ter reg�%is: �nd !�rbo.ring 
�%% t!e genes ne�ess�ry �or �sp�rt�te met�bo%ism7 �I�	 im�ge o� t!e enri�!ment in 0!i�! m�gent� 
�o%o.r represents t!e over%�p o� 9C�7 ���.m.%ib��ter: =red> �nd e.b��teri� =b%.e>7 �ottom im�ge o� 
p!�se �ontr�st !ig!%ig!ting typi��% morp!o%ogy observed �rom P��s enri�!ments7 ==��>> �1periment�% 
v�%id�tion o� t!e �n�erobi� p!�se met�bo%i� str�tegies observed d.ring b�t�! tests �or ��et�te5 
�sp�rt�te5 �nd mi1ed ��et�te:�sp�rt�te =FG:GG e%e�tron e*.iv�%en�e> regimes7 �istin�t m�r$ers 
=�ir�%es5 tri�ng%es5 �nd s*.�res> ���i%it�te dire�t �omp�rison 0it! t!e mode%ed predi�tions in �ig.re 
C7�7  

�eta�oli� an� ener e-� �alan�es re1eal �om)lementary 
strate ies �or the 0)ta$e o� a�etate an� as)artate lea�in  to 
enhan�e�  ro2th yiel�s 
Si<ulaIons Sith varying raIos of acetate and aspartate in the feed revealed not 
only changes in internal storage poly<er uIliVaIon under anaerobic condiIons, 
but also predicted <aTi<u< groSth yields per electron eDuivalents for each cycle 
{Figure �.�|. 	roSth on aspartate Sas <ore e/cient than groSth on acetate. 
Notably, the highest groSth yield Sas achieved Sith a co<binaIon of both 
substrates, speci.cally at a 1:� electron eDuivalent raIo of acetate to aspartate. 
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in red7 
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�egion I7   

During acetate uptake, glycogen Sas degraded to supply N�DH necessary for PH� 
accu<ulaIon. The <ost e/cient strategy for PH� accu<ulaIon re0ected in the 
<odel involved glycogen degradaIon via glycolysis to phosphoenolpyruvate 
{PEP|, then converIng PEP to oTaloacetate {���| to fuel the T�� cycle. This 
alloSed parIal acetate oTidaIon in the right branch of the T�� cycle, producing 
N�DH and Propionylv�o�vtype PH�s {Figure �.B w region �|. HoSever, during the 
aerobic phase, this strategy reDuired glycogen replenish<ent and the resulIng 
glycolysisugluconeogenesis operaIon over the cycle results in a net �TP loss, thus 
reducing the overall groSth yield.  

�s the aspartatevtovacetate raIo increased, aspartate <etabolis< generated 
addiIonal N�DH via aspartate oTidase that countered the N�DH reDuire<ent 
fro< glycogen degradaIon {Figure �.B w region ��|, thus loSering the net �TP loss 
in the glycolysisugluconeogenesis cycle, Shich i<proved groSth yields. �hen the 
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polyphosphate degradaIon and no glycogen degradaIon, aligning Sith the 
predicIons {See Figure 1.B and Figure 2.B for co<parison|. 
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enhan�e�  ro2th yiel�s 
Si<ulaIons Sith varying raIos of acetate and aspartate in the feed revealed not 
only changes in internal storage poly<er uIliVaIon under anaerobic condiIons, 
but also predicted <aTi<u< groSth yields per electron eDuivalents for each cycle 
{Figure �.�|. 	roSth on aspartate Sas <ore e/cient than groSth on acetate. 
Notably, the highest groSth yield Sas achieved Sith a co<binaIon of both 
substrates, speci.cally at a 1:� electron eDuivalent raIo of acetate to aspartate. 
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the yield of the <ore favourable substrate on its oSn. These substrates Sere able 
to generate su/cient reducing poSer {N�DH| to alleviate the reliance on 
glycogen degradaIon, releasing the li<itaIon for acetate <etabolis<. HoSever, 
they did not bene.t fro< the addiIonal acetate uptake, since their <etabolis< 
did not reDuire acetylv�o� to be fed into the T�� cycle using PEP�
 or si<ilar 
reacIons. �e classi.ed these as onevSay synergisIc interacIons, observed for 
butyrate, lactate, pyruvate and citrate. 

Finally, certain substrates such as propionate and alphavketoglutarate resulted in 
bio<ass yields that closely <atched the su< of the individual yields, Sith no 
addiIonal gain fro< covconsu<pIon. �e classi.ed these as neutral interacIons, 
Sherein the <etabolic de<ands of these substrates closely rese<bled that of 
acetate. These substrates reDuired si<ilar resources {N�DH and �TP| as acetate, 
leading to overlapping <etabolic strategies that did not enhance overall groSth 
yield. 

  

��iigg..rree  FF77  �.bstr�tes inter��tions 0!en �o<�ons.med7 ==��>> �et�bo%i� mode% o� 9C�7 ���.m.%ib��ter: 
!ig!%ig!ting t!e e1tern�% s.bstr�tes t!�t 0ere tested �nd t!eir type o� inter��tion 0!en �o<�ed 0it! 
��et�te7 �%.e: e1tr�<ordin�ry inter��tion7 �r�nge: positive inter��tion7 �%��$: ne.tr�% inter��tion7 ==��>> 
�ypes o� inter��tions =s.bstr�te synergy> e1isting bet0een t0o s.bstr�tes7 �op s!o0s re�ipro��% 
synergy bet0een ��et�te �nd �sp�rt�te in 0!i�! t!e biom�ss yie%d ��n e1�eed t!�t o� t!e s.m o� 
p�rts �nd t!e individ.�% m�1im.m biom�ss yie%ds7 �idd%e p�ne% s!o0s � positive inter��tion 
bet0een ��et�te �nd %��t�te in 0!i�! t!e biom�ss yie%d ��n e1�eed t!�t o� t!e s.m o� p�rts b.t not 
t!e individ.�% m�1im.m yie%d7 �ottom p�ne% s!o0s � ne.tr�% inter��tion bet0een ��et�te �nd 
propion�te in 0!i�! t!e biom�ss yie%d is simi%�r to t!e e1pe�ted �rom t!e s.m o� p�rts7 ��

�<portantly, Shen ther<odyna<ic constraints Sere re<oved fro< the <odel, 
alloSing all reacIons to operate reversibly, no signi.cant di,erences Sere 
observed betSeen the substrates. �n this scenario, all covconsu<ed substrates 
resulted in si<ilar bio<ass yields, producing a horiVontal line in the interacIon 
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raIo reached 1:1, glycogen degradaIon Sas no longer necessary. Beyond this 
point, up to a 1:� acetatevtovaspartate raIo, there Sere no net �TP losses, 
resulIng in the highest groSth yields {Figure �.B w region ���|. �n this range 
reciprocal bene.ts Sere observed Shen aspartate consu<pIon provided N�DH 
that bene.ted acetate <etabolis<, Shile acetate consu<pIon supplied acetylv
�o� eDuivalents that supported aspartate <etabolis< {as described beloS|. 

�t higher aspartate fracIons, the <etabolic strategy necessitated the operaIon 
of the right branch of the T�� cycle, Shich reDuired acetylv�o� eDuivalents. These 
eDuivalents could be supplied through acetate uptake. �t insu/cient acetate 
fracIons, part of the consu<ed aspartate Sas channelled toSards acetylv�o� 
generaIon via PEP carboTykinase {PEP�
|, raising the de<and for �TP {Figure �.B 
w region ��|. This Sas <et Sith an increased polyphosphate degradaIon, 
necessitaIng increased �TP reDuire<ents in the aerobic phase to replenish the 
polyphosphate pools resulIng in loSer groSth yields.   

Syner is-� e�e�ts o� s0�strate �o=�ons0m)-on 1ary �y 
meta�oli� entry )oint an� net2or$ to)olo y 
Several substrates Sere incorporated into the eTisIng <etabolic <odel of sCa. 
�ccu<ulibactert, and their covconsu<pIon Sith acetate at varying raIos Sas 
si<ulated using cFB�, as described in the previous secIon. The predicIons 
indicated that <ulIple substrates could support PH� accu<ulaIon Sithout 
relying on reducing eDuivalents fro< glycogen degradaIon, Shich is typically 
reDuired during anaerobic acetate uptake {Figure �|. 

�nteresIngly, the covconsu<pIon of certain substrates Sith acetate <irrored the 
reciprocal synergisIc e,ect observed Sith aspartate. Speci.cally, these 
co<binaIons led to an enhanced bio<ass yield per electron eDuivalent 
co<pared to the yield of individual substrates. �e referred to these as reciprocal 
synergisIc interacIons. Substrates eThibiIng this behaviour included succinate, 
fu<arate, <alate, oTaloacetate, and aspartate, all of Shich enter the reducing 
branch {le2vhand side| of the T�� cycle. The <etabolis< of these substrates 
resulted in su/cient N�DH producIon to alleviate the dependence fro< 
glycogen degradaIon, the <ain li<itaIon during acetate uptake. 
�o<ple<entarily, <etabolising these substrates bene.ted fro< the uptake of 
acetate to feed acetylv�o� eDuivalents into the T�� cycle, as Sas the case Sith 
aspartate. 

�n contrast, another class of substrates covconsu<ed Sith acetate produced 
bio<ass yields greater than the su< of the individual parts but did not surpass 
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the yield of the <ore favourable substrate on its oSn. These substrates Sere able 
to generate su/cient reducing poSer {N�DH| to alleviate the reliance on 
glycogen degradaIon, releasing the li<itaIon for acetate <etabolis<. HoSever, 
they did not bene.t fro< the addiIonal acetate uptake, since their <etabolis< 
did not reDuire acetylv�o� to be fed into the T�� cycle using PEP�
 or si<ilar 
reacIons. �e classi.ed these as onevSay synergisIc interacIons, observed for 
butyrate, lactate, pyruvate and citrate. 

Finally, certain substrates such as propionate and alphavketoglutarate resulted in 
bio<ass yields that closely <atched the su< of the individual yields, Sith no 
addiIonal gain fro< covconsu<pIon. �e classi.ed these as neutral interacIons, 
Sherein the <etabolic de<ands of these substrates closely rese<bled that of 
acetate. These substrates reDuired si<ilar resources {N�DH and �TP| as acetate, 
leading to overlapping <etabolic strategies that did not enhance overall groSth 
yield. 
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�<portantly, Shen ther<odyna<ic constraints Sere re<oved fro< the <odel, 
alloSing all reacIons to operate reversibly, no signi.cant di,erences Sere 
observed betSeen the substrates. �n this scenario, all covconsu<ed substrates 
resulted in si<ilar bio<ass yields, producing a horiVontal line in the interacIon 
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dyna<ic environ<ents. This 0eTibility supports survival and groSth under 
0uctuaIng condiIons, si<ilarly as that of apparent �TPvde<anding pathSays+'�
+*. Further consideraIon of the <etabolic and energeIc costubene.t of these 
te<porally separated cycles needs to be considered. 

The interacIon betSeen the <etabolic operaIons of acetate and aspartate is 
co<pleT, due to both the co<pleTity inherent of <etabolic netSorks++ and the 
dyna<ic nature of the EBPR cycle. The <etabolic conseDuences of anaerobic 
uptake strategies can only be fully understood Shen considering the enIre cycle. 
Most research in EBPR focuses on anaerobic processes, Shere the cell’s redoT 
state is Ightly constrained, li<iIng reacIon feasibility('. HoSever, Sithout a 
holisIc perspecIve on the aerobic phase, it is di/cult to assess hoS anaerobic 
pathSays i<pact overall <etabolic .tness. The cFB� <odel e<ployed here 
provides a tool to eTplore these interconnected processes, revealing <etabolic 
strategies that <ini<iVe �TP losses as e<ergent properIes of the syste< rather 
than being prede.ned a�,.$+.$. �ur eTperi<ental results aligned Sell Sith the 
<odel’s predicIons, indicaIng that cFB� <odel successfully captured the key 
features of substrate interacIons and energy 0oSs. This agree<ent betSeen 
predicIons and eTperi<ental data reinforces the uIlity of cFB� in understanding 
co<pleT <etabolic behaviors. 

�hile our <odel successfully idenI.ed synergisIc interacIons, it Sas not able to 
detect any substrate co<binaIons that Sould loSer bio<ass yields {in essence, 
negaIve interacIons|. This li<itaIon ste<s fro< the <odel’s focus on global 
bio<ass yield opI<iVaIon. PotenIal negaIve interacIons <ight arise Shen 
dealing Sith substrates that acIvate stress responses or an overproducIon of 
reducIve potenIal and Sarrant further invesIgaIon.  

Understanding the co<plete EBPR cycle is essenIal for uncovering the <etabolic 
costs associated Sith P�� strategies. Studies eTa<ining di,erent carbon 
substrates, such as butyrate and lactate, have shoSn shi2s in glycogen use that 
<ay i<pact EBPR perfor<ance, but these e,ects have not been integrated into a 
broader understanding of bio<ass groSth. �ur results suggest that the energy 
Sasteful use of glycogen in sCaA��ccu<ulibactert Shen consu<ing acetate can 
be greatly released Shen covconsu<ed Sith <any other substrates {a<ongst 
the<, butyrate, lactate, pyruvate, citrate, oTaloacetate, <alate, fu<arate and 
succinate. See Figure �|. Further eTperi<ents are needed to uncover the 
<etabolic e,ects of <ulIple organic substrates and hoS it can be e<ployed to 
i<prove phosphorus re<oval.  
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plot, de<onstraIng the absence of any <etabolic synergy under reversible 
reacIon condiIons. 

 

��!�#!!���(
This study de<onstrates that sCaA��ccu<ulibactert eThibits synergisIc <etabolic 
interacIons Shen acetate is covconsu<ed Sith aspartate, leading to enhanced 
groSth yields and reduced net �TP loss. These .ndings o,er neS insights into the 
<etabolic <echanis<s of substrate covconsu<pIon in EBPR syste<s and 
highlight the i<portance of netSork topology in deter<ining interacIon 
outco<es. BeloS, Se conteTtualiVe these results Sithin eTisIng research on 
EBPR, biological adaptaIon, and energy cycling Shile also acknoSledging the 
li<itaIons of the predicIve <odels used. 

�asteSater typically consists of a <iT of organic substrates&,�&., and <any studies 
have docu<ented s�a. �ccu<ulibactert as capable of consu<ing <ulIple 
substrates, both through geno<ic analysis&+�� *& and $)� /$04 studies*'�� *(. �ur 
.ndings align Sith these studies, shoSing that covconsu<pIon of acetate and 
aspartate not only is possible but also results in a <etabolic interacIon that 
opI<iVes cellular resource. The reciprocal synergy observed arises fro< a tSov
Say release of <etabolic li<itaIons for each substrate, i<proving overall bio<ass 
yield {Figure 2|. Speci.cally, acetate uptake is typically li<ited by anaerobic 
glycogen degradaIon, resulIng in net �TP loss.�� *), Shile aspartate uptake 
reDuires �TPvconsu<ing conversion of acetylv�o� via PEP�
&+. The co<binaIon 
of both substrates alleviates these li<itaIons, leading to i<proved groSth. �t is 
noteSorthy that the idenI.ed release in <etabolic li<itaIons Sere not 
dependent on potenIal ,(��generaIon as hypotheVised by Qiu et al.&+ and thus 
can also eTplain the results obtained by �hen et al.'(. 

The energy losses associated Sith glycogen cycling during acetate consu<pIon 
in sCaA��ccu<ulibactert has been Sell docu<ented*�� .�� &%�� **�*-, but their direct 
connecIon to physiological e,ects, such as groSth yields, has not been previously 
established. Research <anipulaIng groSth rates by ad9usIng bio<ass retenIon 
I<e suggest that higher glycogen cycling corresponds to loSer bio<ass yields*.�
+&, though the connecIon to energeIcs and <etabolis< has not been discussed 
eTtensively. This behaviour can be co<pared to the broader conteTt of s�TP 
de<anding yet useful� cycles*). Since the �TP loss in cycling glycogen is 
te<porally separated, this is not a fuIle cycle in strict sense. �et the te<poral 
separaIon of glycogen degradaIon and replenish<ent serves an adapIve 
purpose, alloSing organis<s to <aintain <etabolic 0eTibility in response to 
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dyna<ic environ<ents. This 0eTibility supports survival and groSth under 
0uctuaIng condiIons, si<ilarly as that of apparent �TPvde<anding pathSays+'�
+*. Further consideraIon of the <etabolic and energeIc costubene.t of these 
te<porally separated cycles needs to be considered. 

The interacIon betSeen the <etabolic operaIons of acetate and aspartate is 
co<pleT, due to both the co<pleTity inherent of <etabolic netSorks++ and the 
dyna<ic nature of the EBPR cycle. The <etabolic conseDuences of anaerobic 
uptake strategies can only be fully understood Shen considering the enIre cycle. 
Most research in EBPR focuses on anaerobic processes, Shere the cell’s redoT 
state is Ightly constrained, li<iIng reacIon feasibility('. HoSever, Sithout a 
holisIc perspecIve on the aerobic phase, it is di/cult to assess hoS anaerobic 
pathSays i<pact overall <etabolic .tness. The cFB� <odel e<ployed here 
provides a tool to eTplore these interconnected processes, revealing <etabolic 
strategies that <ini<iVe �TP losses as e<ergent properIes of the syste< rather 
than being prede.ned a�,.$+.$. �ur eTperi<ental results aligned Sell Sith the 
<odel’s predicIons, indicaIng that cFB� <odel successfully captured the key 
features of substrate interacIons and energy 0oSs. This agree<ent betSeen 
predicIons and eTperi<ental data reinforces the uIlity of cFB� in understanding 
co<pleT <etabolic behaviors. 

�hile our <odel successfully idenI.ed synergisIc interacIons, it Sas not able to 
detect any substrate co<binaIons that Sould loSer bio<ass yields {in essence, 
negaIve interacIons|. This li<itaIon ste<s fro< the <odel’s focus on global 
bio<ass yield opI<iVaIon. PotenIal negaIve interacIons <ight arise Shen 
dealing Sith substrates that acIvate stress responses or an overproducIon of 
reducIve potenIal and Sarrant further invesIgaIon.  

Understanding the co<plete EBPR cycle is essenIal for uncovering the <etabolic 
costs associated Sith P�� strategies. Studies eTa<ining di,erent carbon 
substrates, such as butyrate and lactate, have shoSn shi2s in glycogen use that 
<ay i<pact EBPR perfor<ance, but these e,ects have not been integrated into a 
broader understanding of bio<ass groSth. �ur results suggest that the energy 
Sasteful use of glycogen in sCaA��ccu<ulibactert Shen consu<ing acetate can 
be greatly released Shen covconsu<ed Sith <any other substrates {a<ongst 
the<, butyrate, lactate, pyruvate, citrate, oTaloacetate, <alate, fu<arate and 
succinate. See Figure �|. Further eTperi<ents are needed to uncover the 
<etabolic e,ects of <ulIple organic substrates and hoS it can be e<ployed to 
i<prove phosphorus re<oval.  

 

 

126 
 

plot, de<onstraIng the absence of any <etabolic synergy under reversible 
reacIon condiIons. 

 

��!�#!!���(
This study de<onstrates that sCaA��ccu<ulibactert eThibits synergisIc <etabolic 
interacIons Shen acetate is covconsu<ed Sith aspartate, leading to enhanced 
groSth yields and reduced net �TP loss. These .ndings o,er neS insights into the 
<etabolic <echanis<s of substrate covconsu<pIon in EBPR syste<s and 
highlight the i<portance of netSork topology in deter<ining interacIon 
outco<es. BeloS, Se conteTtualiVe these results Sithin eTisIng research on 
EBPR, biological adaptaIon, and energy cycling Shile also acknoSledging the 
li<itaIons of the predicIve <odels used. 

�asteSater typically consists of a <iT of organic substrates&,�&., and <any studies 
have docu<ented s�a. �ccu<ulibactert as capable of consu<ing <ulIple 
substrates, both through geno<ic analysis&+�� *& and $)� /$04 studies*'�� *(. �ur 
.ndings align Sith these studies, shoSing that covconsu<pIon of acetate and 
aspartate not only is possible but also results in a <etabolic interacIon that 
opI<iVes cellular resource. The reciprocal synergy observed arises fro< a tSov
Say release of <etabolic li<itaIons for each substrate, i<proving overall bio<ass 
yield {Figure 2|. Speci.cally, acetate uptake is typically li<ited by anaerobic 
glycogen degradaIon, resulIng in net �TP loss.�� *), Shile aspartate uptake 
reDuires �TPvconsu<ing conversion of acetylv�o� via PEP�
&+. The co<binaIon 
of both substrates alleviates these li<itaIons, leading to i<proved groSth. �t is 
noteSorthy that the idenI.ed release in <etabolic li<itaIons Sere not 
dependent on potenIal ,(��generaIon as hypotheVised by Qiu et al.&+ and thus 
can also eTplain the results obtained by �hen et al.'(. 

The energy losses associated Sith glycogen cycling during acetate consu<pIon 
in sCaA��ccu<ulibactert has been Sell docu<ented*�� .�� &%�� **�*-, but their direct 
connecIon to physiological e,ects, such as groSth yields, has not been previously 
established. Research <anipulaIng groSth rates by ad9usIng bio<ass retenIon 
I<e suggest that higher glycogen cycling corresponds to loSer bio<ass yields*.�
+&, though the connecIon to energeIcs and <etabolis< has not been discussed 
eTtensively. This behaviour can be co<pared to the broader conteTt of s�TP 
de<anding yet useful� cycles*). Since the �TP loss in cycling glycogen is 
te<porally separated, this is not a fuIle cycle in strict sense. �et the te<poral 
separaIon of glycogen degradaIon and replenish<ent serves an adapIve 
purpose, alloSing organis<s to <aintain <etabolic 0eTibility in response to 
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Metabolic <odel and cFB� si<ulaIons 

The <etabolis< of sCaA� �ccu<ulibactert Sas si<ulated Sith cFB� using the 
pyycFB� toolkit i<ple<entaIon(&. � basic <etabolic <odel Sas constructed as a 
stoichio<etric <atriT {SS|, represenIng the relaIonships betSeen <etabolites 
and reacIons. Stoichio<etries for reacIons involved in glycogen degradaIon, 
glycolysis, the T�� cycle, anapleroIc routes, and PH� synthesis Sere adapted 
fro< an earlier study on sCaA��ccu<ulibactert(', eTcluding the reacIon �a'� 
Shich Sas present in only a feS geno<es Sithin this genus. Stoichio<etries for 
aspartate <etabolis< Sere obtained fro<&+ and the presence of this pathSay in 
our enrich<ent culture Sas con.r<ed Sith <etageno<ics {see later in this 
secIon|. � reacIon represenIng synthesis of 1 cv<ole of bio<ass Sas 
i<ple<ented in SS folloSing the stoichio<etry fro< (%, Shich co<bined the 
energy {�TP| reDuire<ents for bacterial groSth fro< acetylv�o� fro< (( and the 
overall stoichio<etry of P��s groSth fro< -��().  

�n the <odel, selected <etabolites Sere de.ned as i<balanced, alloSing their 
accu<ulaIon or depleIon over I<e during si<ulaIons. These included acetate, 
aspartate, glycogen, PHB, PH2M�, ��2, polyP, and bio<ass. �ll other <etabolites 
Sere balanced, adhering to the steadyvstate assu<pIon of FB�. Bio<ass Sas 
de.ned as the sole contributor to the Seights vector {6| in the cFB� for<ulaIon.  

The <odel Sas i<ple<ented in Python using the pyycFB� toolkit, Shich 
generated SBML .les for each con.guraIon. Si<ulaIons of an EBPR cycle 
consisted of .ve I<e points {at � 1 hour|, Sith no enVy<e capacity constraints. 
�naerobic and aerobic phases Sere si<ulated by alloSing the reacIons 
ET�yN�DH, ET�yF�DH {electron transport chain oTygen consu<pIon|, and 
bio<ass synthesis to occur eTclusively in the .nal tSo I<e points of each cycle. 
ReacIon reversibility Sas de.ned using upper and loSer bounds based on a prior 
ther<odyna<ic evaluaIon('. 

Substrate uptake during the anaerobic phase Sas enforced using Duota 
de.niIons. �n eDualityvDuota at the iniIal I<e point speci.ed the concentraIon 
of substrate fed, folloSed by a <aTvDuota of Vero in subseDuent I<e points. This 
enforced the anaerobic uptake of substrate. Substrate concentraIons Sere 
nor<aliVed to provide eDuivalent electron eDuivalents, even for substrate 
<iTtures, based on their degree of reducIon {e.g., � electrons for acetate, 12 
electrons for aspartate|. �ll si<ulaIons opI<iVed bio<ass synthesis as the global 
target across the enIre cycle, rather than at each I<e step, consistent Sith cFB� 
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�����#!���!(
�� �ovconsu<pIon of acetate and aspartate by s�a. �ccu<ulibactert 

results in synergisIc <etabolic interacIons that i<prove bio<ass yield 
and reduce �TP losses. 

�� �cetate conversion to PH� bene.ts fro< N�DH generated during 
aspartate <etabolis<, Shile aspartate uptake is supported by acetylv�o� 
produced fro< acetate uptake. 

�� 	lycogen cycling related to groSth on acetate is energy de<anding, cov
consu<pIon Sith other substrates {e.g., aspartate, succinate, fu<arate| 
reduces this energy de<and. 

�� � holisIc consideraIon of the enIre EBPR cycle is essenIal to fully 
understand the <etabolic strategies and opI<iVe the perfor<ance of 
P��s. 

�� SynergisIc interacIons arising fro< <etabolic opI<iVaIon present an 
opportunity for covuIliVaIon of carbon substrates that can be eTploited 
to enhance the yield of biovbased processes. 
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Metabolic <odel and cFB� si<ulaIons 

The <etabolis< of sCaA� �ccu<ulibactert Sas si<ulated Sith cFB� using the 
pyycFB� toolkit i<ple<entaIon(&. � basic <etabolic <odel Sas constructed as a 
stoichio<etric <atriT {SS|, represenIng the relaIonships betSeen <etabolites 
and reacIons. Stoichio<etries for reacIons involved in glycogen degradaIon, 
glycolysis, the T�� cycle, anapleroIc routes, and PH� synthesis Sere adapted 
fro< an earlier study on sCaA��ccu<ulibactert(', eTcluding the reacIon �a'� 
Shich Sas present in only a feS geno<es Sithin this genus. Stoichio<etries for 
aspartate <etabolis< Sere obtained fro<&+ and the presence of this pathSay in 
our enrich<ent culture Sas con.r<ed Sith <etageno<ics {see later in this 
secIon|. � reacIon represenIng synthesis of 1 cv<ole of bio<ass Sas 
i<ple<ented in SS folloSing the stoichio<etry fro< (%, Shich co<bined the 
energy {�TP| reDuire<ents for bacterial groSth fro< acetylv�o� fro< (( and the 
overall stoichio<etry of P��s groSth fro< -��().  

�n the <odel, selected <etabolites Sere de.ned as i<balanced, alloSing their 
accu<ulaIon or depleIon over I<e during si<ulaIons. These included acetate, 
aspartate, glycogen, PHB, PH2M�, ��2, polyP, and bio<ass. �ll other <etabolites 
Sere balanced, adhering to the steadyvstate assu<pIon of FB�. Bio<ass Sas 
de.ned as the sole contributor to the Seights vector {6| in the cFB� for<ulaIon.  

The <odel Sas i<ple<ented in Python using the pyycFB� toolkit, Shich 
generated SBML .les for each con.guraIon. Si<ulaIons of an EBPR cycle 
consisted of .ve I<e points {at � 1 hour|, Sith no enVy<e capacity constraints. 
�naerobic and aerobic phases Sere si<ulated by alloSing the reacIons 
ET�yN�DH, ET�yF�DH {electron transport chain oTygen consu<pIon|, and 
bio<ass synthesis to occur eTclusively in the .nal tSo I<e points of each cycle. 
ReacIon reversibility Sas de.ned using upper and loSer bounds based on a prior 
ther<odyna<ic evaluaIon('. 

Substrate uptake during the anaerobic phase Sas enforced using Duota 
de.niIons. �n eDualityvDuota at the iniIal I<e point speci.ed the concentraIon 
of substrate fed, folloSed by a <aTvDuota of Vero in subseDuent I<e points. This 
enforced the anaerobic uptake of substrate. Substrate concentraIons Sere 
nor<aliVed to provide eDuivalent electron eDuivalents, even for substrate 
<iTtures, based on their degree of reducIon {e.g., � electrons for acetate, 12 
electrons for aspartate|. �ll si<ulaIons opI<iVed bio<ass synthesis as the global 
target across the enIre cycle, rather than at each I<e step, consistent Sith cFB� 
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reducIon of � and 12 e�u<ol for acetate and aspartate, respecIvely|. Thus, the 
organic substrate soluIon for the tests contained only acetate, only aspartate or 
<iT of acetate and aspartate as folloSs: {i| 1�.1 guL sodiu< acetate trihydrate 
{��H�Na��z�H��|, {ii| 1�.�5 guL sodiu< aspartate {��H�NNa��|, or {iii| 5,� guL 
sodiu< acetate trihydrate Sith �,� guL sodiu< aspartate. For <iTed substrates, 
the net consu<pIon of acetate and aspartate Sas used to deter<ine the 
acetate:aspartate uptake raIo.  

Reactor and bio<ass analyses 

ETtracellular concentraIons of phosphate and a<<oniu< Sere <easured Sith a 
	allery Discrete �nalyVer {Ther<o Fisher ScienI.c, �altha<, M�|. �cetate Sas 
<easured by high perfor<ance liDuid chro<atography {HPL�| Sith an �<ineT 
HP�v��H colu<n {BiovRad, Hercules, ��|, coupled to R� and U� detectors {�aters, 
Milford, M�|, using 0.0015 M phosphoric acid as eluent supplied at a 0oSrate of 
1 <Lu<in. 

The bio<ass concentraIon {total and volaIle suspended solids w TSS and �SS| 
Sas <easured in accordance Sith Standard Methods as described in S<olders et 
al., Sith so<e <odi.caIons: 10 <l of <iTed broth Sere obtained at the end of 
the aerobic phase, centrifuged at ��00�g during � <inutes and Sashed tSice 
Sith de<ineraliVed Sater to re<ove salts. The sludge Sas then dried at 100 �� 
for 2� hours and Seighed on a <icrobalance to deter<ine the dry content w TSS. 
The ash content Sas deter<ined by incineraIng the dry <aterial in an oven at 
550 ��, and the di,erence used to calculate the �SS. 

For glycogen and PH� deter<inaIon, bio<ass sa<ples {10 <l <iTed broth| Sere 
collected throughout the batch test and stored in 15 <l conical tubes containing 
0.� <l of �� � for<aldehyde to stop biological acIvity. �2er each batch test, the 
bio<ass tubes Sere poLered to break the granular structure of the bio<ass, 
centrifuged at ��00 �g for 5 <inutes and Sashed tSice. The pellet Sas then 
froVen at v�0 �� for at least � hours and freeVe dried. For glycogen analysis the 
<ethod described by S<olders et al., Sas used: 5 <g of dry bio<ass Sas digested 
in 0.� M H�l soluIons in glass tubes at 100 �� for 5 hours. �2er this I<e, tubes 
Sere cooled at roo< te<perature, .ltered Sith 0.�5 �< �hat<an disk .lters and 
neutraliVed Sith eDual volu<es of 0.� M Na�H. The glucose resulIng fro< 
digesIon Sas DuanI.ed using the Dv	lucose �ssay 
it {	�P�D For<at| fro< 
MegaVy<e {Bray, �reland|. 

Microbial co<<unity characteriVaIon 

 

130 
 

<ethodology. �ll SBML <odels, si<ulaIon .les and results are available at 
hLps:uugithub.co<uTPv�atsonuP��sycovsubstratesycFB�. 

sCa��ccu<ulibactert Enrich<ent 

� s�a. �ccu<ulibactert enrich<ent Sas obtained in a 1.5 L {1 L Sorking volu<e| 
seDuencing batch reactor {SBR|, folloSing condiIons described earlier' Sith 
so<e adaptaIons. The reactor Sas inoculated using enriched sludge fro< the 
Sork of P eVv�atson et al.', Shich Sas previously inoculated Sith acIvated 
sludge fro< a <unicipal SasteSater treat<ent plant {Harnaschpolder, The 
Netherlands|. Each SBR cycle lasted � hours, consisIng of �0 <inutes of seLling, 
50 <inutes of e1uent re<oval, 10 <inutes of N' sparging, �0 <inutes of 
anaerobic feeding, 105 <inutes of anaerobic phase and 1�5 <inutes of aerobic 
phase. N' gas and co<pressed air Sere sparged at 500 <lu<in into the reactor 
broth to <aintain anaerobic and aerobic condiIons respecIvely. The hydraulic 
retenIon I<e {HRT| Sas 12 hours {re<oval of 500 <L of broth per cycle, each 
cycle of � hours|. The average solids retenIon I<e {SRT| Sas controlled to � days 
by the re<oval of 2�,� <l of <iTed broth at the end of the <iTed aerobic phase 
in each cycle. The pH Sas controlled at �.� � 0.1 by dosing 0.5 M H�l or 0.5 M 
Na�H. The te<perature Sas <aintained at 20 � 1 ��.  

The reactor Sas fed Sith three separate <edia co<ponents diluted in 
de<ineraliVed Sater: a concentrated ��D <ediu< {�00 <g ��DuL| of acetate {1� 
guL sodiu< acetate ��H'�|m a concentrated <ineral <ediu< {0.�� guL NH)�l, 2.1� 
guL MgS�)��H'�, 0.5� guL �a�l'�2H'�, 0.�� 
�l, 0.0� guL Nvallylthiourea {�TU|, 
0.0� guL yeast eTtract and � <LuL of trace ele<ent soluIon prepared folloSing 
S<olders et al.,m and a phosphate soluIon containing 0.�� guL NaH'P�)�H'� and 
0.� guL Na'HP�)�2H'�. �n each cycle, �5 <L of ��D <ediu<, �5 <l of <ineral 
<ediu< and ��0 <L of phosphate soluIon Sere added to the reactor during the 
�0 <inutes of feeding. The .nal feed contained �00 <g ��DuL of acetate.  

Batch tests 

Batch tests Sere conducted in the bioreactor on the enriched bio<ass once a 
,/�4�+�steady state Sas reached {deter<ined by a constant phosphate release 
and re<oval over <ulIple days|. For the batch tests, �00 <l of H'� and 50 <l of 
<ineral <edia Sere fed as usual during the anaerobic phase. Later, 50 <l of 
organic substrate {containing either acetate, aspartate or a <iT| Sas pulse fed and 
considered the beginning of the anaerobic phase of the cycle. The anaerobic 
phase on these batch tests Sas eTtended by �0 <inutes to co<pensate for the 
delay in feed. The organic <edia Sas prepared such that the .nal feed contained 
�00 <g ��DuL of acetate, aspartate or a <iT {calculated by using the degree of 
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reducIon of � and 12 e�u<ol for acetate and aspartate, respecIvely|. Thus, the 
organic substrate soluIon for the tests contained only acetate, only aspartate or 
<iT of acetate and aspartate as folloSs: {i| 1�.1 guL sodiu< acetate trihydrate 
{��H�Na��z�H��|, {ii| 1�.�5 guL sodiu< aspartate {��H�NNa��|, or {iii| 5,� guL 
sodiu< acetate trihydrate Sith �,� guL sodiu< aspartate. For <iTed substrates, 
the net consu<pIon of acetate and aspartate Sas used to deter<ine the 
acetate:aspartate uptake raIo.  

Reactor and bio<ass analyses 

ETtracellular concentraIons of phosphate and a<<oniu< Sere <easured Sith a 
	allery Discrete �nalyVer {Ther<o Fisher ScienI.c, �altha<, M�|. �cetate Sas 
<easured by high perfor<ance liDuid chro<atography {HPL�| Sith an �<ineT 
HP�v��H colu<n {BiovRad, Hercules, ��|, coupled to R� and U� detectors {�aters, 
Milford, M�|, using 0.0015 M phosphoric acid as eluent supplied at a 0oSrate of 
1 <Lu<in. 

The bio<ass concentraIon {total and volaIle suspended solids w TSS and �SS| 
Sas <easured in accordance Sith Standard Methods as described in S<olders et 
al., Sith so<e <odi.caIons: 10 <l of <iTed broth Sere obtained at the end of 
the aerobic phase, centrifuged at ��00�g during � <inutes and Sashed tSice 
Sith de<ineraliVed Sater to re<ove salts. The sludge Sas then dried at 100 �� 
for 2� hours and Seighed on a <icrobalance to deter<ine the dry content w TSS. 
The ash content Sas deter<ined by incineraIng the dry <aterial in an oven at 
550 ��, and the di,erence used to calculate the �SS. 

For glycogen and PH� deter<inaIon, bio<ass sa<ples {10 <l <iTed broth| Sere 
collected throughout the batch test and stored in 15 <l conical tubes containing 
0.� <l of �� � for<aldehyde to stop biological acIvity. �2er each batch test, the 
bio<ass tubes Sere poLered to break the granular structure of the bio<ass, 
centrifuged at ��00 �g for 5 <inutes and Sashed tSice. The pellet Sas then 
froVen at v�0 �� for at least � hours and freeVe dried. For glycogen analysis the 
<ethod described by S<olders et al., Sas used: 5 <g of dry bio<ass Sas digested 
in 0.� M H�l soluIons in glass tubes at 100 �� for 5 hours. �2er this I<e, tubes 
Sere cooled at roo< te<perature, .ltered Sith 0.�5 �< �hat<an disk .lters and 
neutraliVed Sith eDual volu<es of 0.� M Na�H. The glucose resulIng fro< 
digesIon Sas DuanI.ed using the Dv	lucose �ssay 
it {	�P�D For<at| fro< 
MegaVy<e {Bray, �reland|. 

Microbial co<<unity characteriVaIon 
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The <icrobial co<<unity of the reactor Sas characteriVed at pseudo steady state 
as de.ned earlier. TSo orthogonal approaches Sere used for the co<<unity 
characteriVaIon: <etageno<ics and Fluorescence invsitu hybridiVaIon {F�SH|.  

For F�SH, sa<ples underSent handling, .TaIon, and staining procedures outlined 
by �inkler et al(*. Bacteria Sere selecIvely idenI.ed using a blend of EUB���, 
EUB���v��, and EUB���v��� probes(+�� (,. �Ca. �ccu<ulibacter� Sas visualiVed 
e<ploying <iTtures of the probes �cc1011, �cc��1, �cc��1y2, �cc��5, �cc��0 
designed and tested previously for di,erent sCaA��ccu<ulibactert lineages(-. The 
i<ages Sere captured Sith an epi0uorescence <icroscope eDuipped Sith .lter 
set �y� {ET5�5u25T ET�05u�0 < T5�5LP�R|, �y5 {ET��0u�0T ET��0u50 < 
T��0LP�R|, and F�T� {ET��0u�0T ET525u50 < T��5LP�R| {�Tio �<ager M2, �eiss, 
	er<any|. QuanItaIve F�SH {DF�SH| Sas done as a percentage of total biovolu<e 
over 12 representaIve pictures using the Dai<e so2Sare {D�ME, �ienna, 
�ustria|(.. 

For <etageno<ics, DN� fro< the bio<ass sa<ples Sas eTtracted using the 
DNeasy PoSerSoil Prov
it {Qiagen, 	er<any| folloSing the <anufacturer�s 
protocol. Shotgun seDuencing Sas perfor<ed by Hologeno<iT {Del2, 
Netherlands|. Pairedvend seDuencing Sith a read length of 150 bp Sas conducted 
using the �llu<ina NovaSeD � seDuencing syste<. Library preparaIon Sas carried 
out using the NeTtera �T DN� Library PreparaIon 
it. �pproTi<ately 10 	bp of 
seDuencing data Sere generated per sa<ple. 

The Duality of raS seDuenced reads Sas assessed using FastQ� {version 0.11.�| 
Sith default para<eters)%, and results Sere visualiVed Sith MulIQ� {version 
1.1�|. LoSvDuality pairedvend reads Sere tri<<ed and .ltered using Fastp 
{version 0.2�.�| in pairedvend <ode)&. TaTono<ic classi.caIon of raS reads Sas 
perfor<ed to pro.le the <icrobio<e in each sa<ple using 
raken2 {version 2| 
Sith the standard database, Shich includes all co<plete bacterial, archaeal, and 
viral geno<es in the N�B� RefSeD database, co<ple<ented by a curated 
SasteSater database {sludgeDB|)'.  

�lean reads Sere asse<bled into conIgs using MetaSP�des {version �.15.5| Sith 
default para<eters)(. The resulIng conIgs Sere binned using MetaB�T {version 
2.2.15| to reconstruct <etageno<evasse<bled geno<es {M�	s| Sith default 
para<eters)). Bin co<pleteness and conta<inaIon Sere assessed using �heckM 
{version 1.2.2| Sith the slineageySft Sork0oS )*. RelaIve abundance of bins Sith 
conta<inaIon beloS 5� Sas deter<ined in each sa<ple using �overM {version 
0.�.0, hLps:uugithub.co<uSSoodu�overM| Sith default para<eters. 
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For phylogeneIc analysis, bins Sere classi.ed using 	TDBvTk {version 2.�.0| and 
	TDB release 220)+. The ,,&N gene Sas uIlised as a <arker in bins idenI.ed as 
�ccu<ulibacter.  h<<search ), Sas used Sith the ppk1.h<< pro.le, taking the 
best hit as the ,,&N gene. �denI.ed ,,&N genes Sere co<bined Sith those in an 
eTisIng database and aligned Sith MUS�LE {version 5.1|)-. � phylogeneIc tree of 
these ,,&N seDuences Sas generated Sith RaTMLvN	 {version 1.2.2|). and 
visualised using iTol {v�|*%. 
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���
�H.0HP@?QJHBBCANBBCCIH
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��&�" ����$5��#��"��5�����H24HP?AQJH
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3�1#!3! H-*%#-,4�*!-3% !H/1-�!2H7%3$H
=-7H�93-+!319H"-1H�,�*9:%,#H+%8! H
+%�1-�%�*H/-/4*�3%-,2IH�!!����5���5
��&�" ����$��5���" �� � �)5�

��H01HPDQJH
?G?GN?G@CIH

AEIH ��%+2JH�ILHH�15$*JH�ILHH�+�,,JH
�ILHH��$*!%"!1JH�IN�ILH��#,!1JH
IJH�$!H
 -+�%,N2/!�%<�H/1-�!H���AAFH%2H
%,24;%�%!,3H"-1H3$!H !3!�3%-,H-"H�**H
���3!1%�KH !6!*-/+!,3H�, H!6�*4�3%-,H-"H
�H+-1!H�-+/1!$!,2%6!H/1-�!H2!3IH
�)#$���$��5���5�!!����5���" �� � �)5
�


�H--HPAQJHBABNBBBIH

AFIH �!31%#*%!1%JH�ILHH�%,#*!3-,JH�IH
ILHH
�-, 1-3�%3!JH�ILHH�4!$-*+JH
IH�ILHH

���,%!*JH�IH�ILHH
�
�$-,JH�IH�ILH
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�ntroducing this thesis, � eTplained hoS assu<pIons about Shat is funda<ental in 
biology shapes not only our reasoning but also the direcIon of research itself. These 
assu<pIons in0uence hoS labs operate, Shat tools are developed, and ulI<ately, 
they set boundaries of Shat a scienIst can eTplain. Personally, � .nd theories that 
vieS energy 0oSs as funda<ental to life <ore co<pelling than those that hold 
infor<aIon <olecules {such as DN� or RN�| as central to biology. This perspecIve, 
Shether or not it holds as the sole truth, enables a <ore co<prehensive eTploraIon 
of cellular responses to their environ<ents, Sithout an overly causal focus on DN�. 

�n studying sCaA� �ccu<ulibactert, � approached the sub9ect fro< this less 
convenIonal perspecIve, ai<ing to understand the energeIc li<itaIons shaping 
these bacteria’s lives. This thesis contains the develop<ent and applicaIon of both 
eTperi<ental and co<putaIonal <ethods to deepen our understanding of sCaA�
�ccu<ulibactert and to probe 6#a0�they do and 6#8�they do it. More concretely, the 
previous chapters revealed that: 

o� Describing EPS fro< geneIc potenIal alone is <isleading for both individual 
species and <icrobial co<<uniIes. �o<pleT glycans and glycocon9ugates 
are currently i<possible to infer fro< geneIc infor<aIon alone and reDuire 
<etabolic analysis {��hhaapptteerr  22|.  

o� Metabolic <odels based on geneIcs provide a <ap of <etabolites 
connecIons, Shile ther<odyna<ics constrains the direcIon Sithin this <ap, 
de.ning the possibiliIes Sithin a given netSork. By i<ple<enIng these 
constrains, the i<<ense soluIon space of a P��s <etabolic netSork Sas 
considerably reduced to a handful of ther<odyna<ically feasible operaIons 
{��hhaapptteerr  ��|. 

o� �ccounIng for the cyclic nature of cells Sithin their environ<ent alloSs for 
the .rst I<e a consistent, assu<pIonvfree, predicIon and DuanItaIve 
understanding of <etabolic phenotypes of sCaA��ccu<ulibactert in an EBPR 
cycle {��hhaapptteerrss  ��,  55, and ��|.  

o� The dyna<ic reoccurrence of oTygen in EBPR syste<s leads to te<poral 
separaIon of biosynthesis in sCaA��ccu<ulibactert cells {��hhaapptteerr  55|. 

o� �o<pleT interacIons in <etabolic netSorks are challenging to infer Sithout 
<athe<aIcal tools, Shich reveal synergisIc e,ects Shen sCaA�
�ccu<ulibactert consu<es <ulIple substrates si<ultaneously {��hhaapptteerr  ��|.  

Each chapter inevitably opens neS DuesIons and unknoSns. �hile it’s easy to 
beco<e absorbed in speci.c details, stepping back to consider the broader 
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�ntroducing this thesis, � eTplained hoS assu<pIons about Shat is funda<ental in 
biology shapes not only our reasoning but also the direcIon of research itself. These 
assu<pIons in0uence hoS labs operate, Shat tools are developed, and ulI<ately, 
they set boundaries of Shat a scienIst can eTplain. Personally, � .nd theories that 
vieS energy 0oSs as funda<ental to life <ore co<pelling than those that hold 
infor<aIon <olecules {such as DN� or RN�| as central to biology. This perspecIve, 
Shether or not it holds as the sole truth, enables a <ore co<prehensive eTploraIon 
of cellular responses to their environ<ents, Sithout an overly causal focus on DN�. 

�n studying sCaA� �ccu<ulibactert, � approached the sub9ect fro< this less 
convenIonal perspecIve, ai<ing to understand the energeIc li<itaIons shaping 
these bacteria’s lives. This thesis contains the develop<ent and applicaIon of both 
eTperi<ental and co<putaIonal <ethods to deepen our understanding of sCaA�
�ccu<ulibactert and to probe 6#a0�they do and 6#8�they do it. More concretely, the 
previous chapters revealed that: 

o� Describing EPS fro< geneIc potenIal alone is <isleading for both individual 
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connecIons, Shile ther<odyna<ics constrains the direcIon Sithin this <ap, 
de.ning the possibiliIes Sithin a given netSork. By i<ple<enIng these 
constrains, the i<<ense soluIon space of a P��s <etabolic netSork Sas 
considerably reduced to a handful of ther<odyna<ically feasible operaIons 
{��hhaapptteerr  ��|. 

o� �ccounIng for the cyclic nature of cells Sithin their environ<ent alloSs for 
the .rst I<e a consistent, assu<pIonvfree, predicIon and DuanItaIve 
understanding of <etabolic phenotypes of sCaA��ccu<ulibactert in an EBPR 
cycle {��hhaapptteerrss  ��,  55, and ��|.  

o� The dyna<ic reoccurrence of oTygen in EBPR syste<s leads to te<poral 
separaIon of biosynthesis in sCaA��ccu<ulibactert cells {��hhaapptteerr  55|. 

o� �o<pleT interacIons in <etabolic netSorks are challenging to infer Sithout 
<athe<aIcal tools, Shich reveal synergisIc e,ects Shen sCaA�
�ccu<ulibactert consu<es <ulIple substrates si<ultaneously {��hhaapptteerr  ��|.  

Each chapter inevitably opens neS DuesIons and unknoSns. �hile it’s easy to 
beco<e absorbed in speci.c details, stepping back to consider the broader 
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relying solely on DN� data, Shich leads us to the neTt stage in the central dog<a: 
RN�. 

 

�	�+(�����#��!(��(��"�$�"&*( ���",(
�ells produce various types of RN�, including <essenger RN� {<RN�|, Shich is o2en 
studied to infer <icrobial acIvity. The assu<pIon is that <RN� levels directly re0ect 
gene transcripIon, and thus <etavtranscripto<ics studies are groSing in <icrobial 
ecology (�+. HoSever, interpreIng <RN� levels in sloSvgroSing and dyna<ic syste<s 
presents challenges that have not been Sidely recogniVed. �n fastvgroSing organis<s, 
<RN� levels lead Duickly to neS proteins. But in sloSvgroSing cells w especially in 
0uctuaIng condiIons Sith te<poral allocaIon of biosynthesis w hoS reliably does 
<RN� at a given I<e correlate Sith acIvityk  

Several factors obscure the relaIon betSeen <RN� levels and acIvity. For eTa<ple, 
<RN� can undergo postvtranscripIonal <odi.caIons {PTcrpM| Shich can vary 
a<ong species ,�-. HoS these changes a,ect <RN� e/ciency and stability, 
parIcularly in ecological <icrobes, re<ains unknoSn. This is one of the .rst barriers 
to linking <RN� levels Sith acIvity.  

�ddiIonally, <RN� <ust be translated into a protein, a process in0uenced by cellular 
resource availability {as an eTa<ple, see �Sa>ska, et al. .|. �hapter 5 suggested that 
DCaA��ccu<ulibactert <ay favour biosynthesis to occur aerobically. HoS does this 
te<poral separaIon a,ect the correlaIon betSeen <RN� levels and proteins 
presents an open DuesIon, adding <ore uncertainty to transcripto<ic data. �n other 
Sords, are <RN�s present in the anaerobic phase translated into proteins as 
e/ciently in the aerobic phasek Further<ore, sloSvgroSing organis<s eThibit 
gradual and sloS proteo<ic changes Shich are orders of <agnitude sloSer than that 
of <RN� lifeI<e. �n this sense, <RN� shi2s Sould a,ect only a fracIon of the 
proteo<e.  

�nce synthesiVed, a protein <ay not be acIve or catalysing reacIons as eTpected. 
This brings us to the neTt stage in the central dog<a: proteins. 

 

� �"���!+(�����#��!("��"(��������(�� �� �(�#��"���!(
To understand a co<<unity <e<ber’s acIvity, proteo<ic analysis is o2en <ore 
reliable than <RN�. Proteins are the <olecules that sSalk the Salkt, eTecuIng 
cellular funcIons. �onseDuently, proteovgeno<ics is an eTtre<ely poSerful tool to 
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challenges in researching P��s w and <icroorganis<s in dyna<ic environ<ents <ore 
generally w can help to guide the direcIon research should take and the piHalls to 
avoid. �ur understanding of these <icrobes depends on <easure<ents taken at 
<ulIple biological levels, each Sith intrinsic li<itaIons. �n the folloSing secIons, Se 
Sill eTplore these levels w DN�, RN�, proteins and <etabolites w folloSing the central 
dog<a of biology, and eTa<ine the challenges uniDue to each. � then address the 
co<pleTiIes in integraIng these data into a co<prehensive, DuanItaIve 
understanding of <icrobial ecology and re0ect on hoS rarely Se fully consider 
dyna<ic environ<ents in <icrobiology.  

 

�	�+(�(��"��������!(����(�"(�#��(
����(
�hile SriIng this secIon, � aLended the Long Read SeDuencing in Upsala, SSeden. 
There � fully grasped the <o<entu< of the sgeno<icverat in research and Sitnessed 
.rsthand the striking co<<ercialiVaIon of DN� seDuencing. The race is un<istakably 
in full sSing. �et, challenges re<ain. Even highvDuality geno<es are not enIrely 
co<plete, and <any species w including sCaA��ccu<ulibactert w lack circular geno<e 
representaIon in databases. E,orts are underSay, co<bining longv and shortvread 
seDuencing, to uncover the qgeno<ic dark <aLer’ in these and other species. 
HoSever, Shat re<ains hidden in these regions is yet to be knoSn.  

	eno<ic analysis o,ers valuable insights into the evoluIonary history of a species, 
genera and fa<ilies, but it is best suited to eukaryotes, Shere DN� reco<binaIon is 
pri<arily driven by seTual reproducIon. Bacterial DN�, in contrast, is highly dyna<ic, 
Sith horiVontal gene transfer o2en do<inaIng as a source of reco<binaIon. This 
geneIc 0uidity re0ects bacteria’s energeIc constraintsm populaIons tend to favour 
s<aller, adaptable geno<es, enabling the< to acDuire bene.cial genes fro< a 
co<<unal gene pool. �et, hoS horiVontal gene transfer shapes bacterial populaIons 
under dyna<ic condiIons is sIll largely uneTplored.  

�ie et al. & inferred gene horiVontal transfer events in geno<es of sCaA�
�ccu<ulibactert and other P��s, seeking to pinpoint the geneIc basis for P�� traits. 
Si<ilarly, �lder et al. ' found high freDuencies of <obile geneIc ele<ents and nonv
geno<ic vectors in sCaA��ccu<ulibactert. Plas<id DN�, Shich is o2en overlooked in 
<etageno<ic studies, <ay add signi.cant geneIc diversity to these environ<ents. 
This could challenge the relevance of tradiIonal species de.niIons, but that <ight 
be an eTaggeraIon. �r <aybe notk �e si<ply don’t knoS enough. 

Finally, as discussed in �hapter 2, gene presence doesn’t i<ply funcIon, nor does 
absence con.r< lack of funcIon. This issue has been discussed in detail earlier and 
Son’t be elaborated further here. Nonetheless this is a crucial consideraIon Shen 
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relying solely on DN� data, Shich leads us to the neTt stage in the central dog<a: 
RN�. 

 

�	�+(�����#��!(��(��"�$�"&*( ���",(
�ells produce various types of RN�, including <essenger RN� {<RN�|, Shich is o2en 
studied to infer <icrobial acIvity. The assu<pIon is that <RN� levels directly re0ect 
gene transcripIon, and thus <etavtranscripto<ics studies are groSing in <icrobial 
ecology (�+. HoSever, interpreIng <RN� levels in sloSvgroSing and dyna<ic syste<s 
presents challenges that have not been Sidely recogniVed. �n fastvgroSing organis<s, 
<RN� levels lead Duickly to neS proteins. But in sloSvgroSing cells w especially in 
0uctuaIng condiIons Sith te<poral allocaIon of biosynthesis w hoS reliably does 
<RN� at a given I<e correlate Sith acIvityk  

Several factors obscure the relaIon betSeen <RN� levels and acIvity. For eTa<ple, 
<RN� can undergo postvtranscripIonal <odi.caIons {PTcrpM| Shich can vary 
a<ong species ,�-. HoS these changes a,ect <RN� e/ciency and stability, 
parIcularly in ecological <icrobes, re<ains unknoSn. This is one of the .rst barriers 
to linking <RN� levels Sith acIvity.  

�ddiIonally, <RN� <ust be translated into a protein, a process in0uenced by cellular 
resource availability {as an eTa<ple, see �Sa>ska, et al. .|. �hapter 5 suggested that 
DCaA��ccu<ulibactert <ay favour biosynthesis to occur aerobically. HoS does this 
te<poral separaIon a,ect the correlaIon betSeen <RN� levels and proteins 
presents an open DuesIon, adding <ore uncertainty to transcripto<ic data. �n other 
Sords, are <RN�s present in the anaerobic phase translated into proteins as 
e/ciently in the aerobic phasek Further<ore, sloSvgroSing organis<s eThibit 
gradual and sloS proteo<ic changes Shich are orders of <agnitude sloSer than that 
of <RN� lifeI<e. �n this sense, <RN� shi2s Sould a,ect only a fracIon of the 
proteo<e.  

�nce synthesiVed, a protein <ay not be acIve or catalysing reacIons as eTpected. 
This brings us to the neTt stage in the central dog<a: proteins. 

 

� �"���!+(�����#��!("��"(��������(�� �� �(�#��"���!(
To understand a co<<unity <e<ber’s acIvity, proteo<ic analysis is o2en <ore 
reliable than <RN�. Proteins are the <olecules that sSalk the Salkt, eTecuIng 
cellular funcIons. �onseDuently, proteovgeno<ics is an eTtre<ely poSerful tool to 
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te<porally separated throughout the cycle, and <easuring energy carriers like �TP 
and N�D{P|H could yield <ore concrete ansSers. Nevertheless, .rst the analyIcal 
<ethods for this DuanI.caIon need to be advanced.  

 

��"�� �"���(����!-(��"�(�� (�(�#��"�"�"�$�(#��� !"������(��(
��"�����!�(
�chieving a DuanItaIve understanding of <icrobial <etabolis< Sithin co<pleT 
environ<ents reDuires integraIng <ulIvo<ics data w {<eta|geno<ics, 
{<eta|transcripto<ics, {<eta|proteo<ics and {<eta|<etabolo<ics'-. Each layer 
provides uniDue insights: geno<ics reveals ancestry and <etabolic potenIal, 
transcripto<ics shoSs gene acIvaIon as a conseDuence of the environ<ent, 
proteo<ics reveals to Shat eTtent that gene acIvaIon Sas successful and Shat a 
<icrobe can actually perfor<, and <etabolo<ics captures the realvI<e intricacies of 
<etabolis<. HoSever, using these data types in isolaIon is insu/cient to idenIfy 
funda<ental and testable hypotheses to further our understanding of co<pleT 
syste<s like P��s in dyna<ic environ<ents.  

E,orts are already being <ade Sith research integraIng geno<icsvtranscripto<ics 
&�)�* or geno<icsvproteo<ics '. data. Nevertheless, very liLle has been done in the 
forefront of transcripto<icsvproteo<ics and even less Sith proteo<icsv
<etabolo<ics. �e need robust fra<eSorks that are able to <erge di,erent levels of 
datasets alloSing us to vieS causes and conseDuences of <icrobial acIvity <ore 
co<prehensively. Researching the dyna<ic interplay betSeen di,erent levels could 
lead to novel insights into hoS a given phenotype is observed and, Sith vieSs into 
the future, hoS Se can precisely <anipulate a <icrobial co<<unity to achieve a 
desired outco<e. 

 

���#  ��"(�&�����(�����"���!+(�#��(�� �("���(��
!(
�hile sCaA��ccu<ulibactert has been the focus of this thesis, the insights can eTtend 
toSards general <icrobial survival strategies in dyna<ic environ<ents. Natural 
<icrobial co<<uniIes rarely face staIc condiIons, instead encountering 0uctuaIng 
resources, oTygen levels, and environ<ental shi2s. These dyna<ics <any I<es 
reDuire adaptaIons that go beyond geneIc control, due to the inco<paIbility 
betSeen the change itself and the I<e for reacIon fro< geno<ic control. �t is thus 
interesIng to point out that the strategy sCaA��ccu<ulibactert e<ploys to drasIcally 
sSitch <etabolis< w Shich is <etabolic control w <ay be e<ployed by <any other 
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understand <icrobial abundance in ter<s of potenIal acIvity a given group could 
carry, and to understand reacIons to environ<ental changes &%�&). 

Like <RN�, proteins can undergo postvtranslaIonal <odi.caIons {PTMs| that can 
signi.cantly alter their structure and funcIon &*. �hile PTMs in bacteria have 
received less aLenIon than in eukaryotes, they play a crucial role in environ<ental 
bacteria &+�&., especially for EPS as discussed in �hapter 2. The i<pact of PTMs on 
<etabolic enVy<es w and Shether they can be reversibly <odi.ed in response to 
dyna<ic condiIons w re<ains largely uneTplored but could provide criIcal insights 
into bacterial physiology. Further research <ust focus on developing <ethods to 
detect changes in proteins Sithin <icrobial co<<uniIes '% and to idenIfy proteins 
that elude detecIon due to hydrophobicity '&.  

 

��"�����"�!(���(��� �&(��  �� !+(���(��"���"�(���������(
�s proteins interact Sith and respond to <etabolic 0uTes, Se <ove into the real< of 
<etabolites. They are at the core of Shat <akes a cell truly a'$5�. DN�, RN� and 
proteins are studied largely because they eventually lead to <etabolic acIvity. �et, 
direct <etabolic analysis re<ains underused, in part because of the co<pleTity 
co<pared to other bio<olecules''�'(. �n this sense, e,orts should be put into 
advancing analyIcal <ethods to accurately <easure <etabolites and energy states 
Sithin cells in ecology. ETperi<ents using isotopically labelled substrates represent a 
great starIng point in further developing these techniDues and <etabolic 
understanding ')�'+. 

�n �hapter 2, <easure<ents of glycans in the EPS of P��s de<onstrated that EPS 
co<posiIon is <ore co<pleT than geneIc inference alone suggests. HoSever, 
<ethods to <easure central <etabolites, such as those in the T�� cycle or glycolysis, 
re<ain li<ited. Such <etabolites are highly reacIve and turnover Duickly, reDuiring 
<ethods for i<<ediate Duenching, e,ecIve eTtracIon and precise DuanI.caIon 
techniDues. This represents an opportunity for researchers to record the I<e 
dependent <etabolic state of cells Sithin an environ<ent, Shich ulI<ately could 
eTplain the 6#8 of phenotypic behaviours. 

�n �hapter � <athe<aIcal tools led to idenIfying hoS T�� cycle and glycolysis 
<etabolite concentraIons Sould a,ect <etabolic direcIon and driving forces. �n this 
sense, accurately DuanIfying these <etabolites w including energy careers such as 
�TP and N�DH w during an EBPR cycle could conclusively indicate the direcIonality of 
<etabolic reacIons over I<e. � si<ilar study in yeast cells found that indeed 
<etabolic changes w independent of gene eTpression w predo<inantly in0uenced 
glycolyIc direcIon and 0uT ',. �hapter 5 predicted that P��s biosynthesis <ight be 
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te<porally separated throughout the cycle, and <easuring energy carriers like �TP 
and N�D{P|H could yield <ore concrete ansSers. Nevertheless, .rst the analyIcal 
<ethods for this DuanI.caIon need to be advanced.  
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��"�����!�(
�chieving a DuanItaIve understanding of <icrobial <etabolis< Sithin co<pleT 
environ<ents reDuires integraIng <ulIvo<ics data w {<eta|geno<ics, 
{<eta|transcripto<ics, {<eta|proteo<ics and {<eta|<etabolo<ics'-. Each layer 
provides uniDue insights: geno<ics reveals ancestry and <etabolic potenIal, 
transcripto<ics shoSs gene acIvaIon as a conseDuence of the environ<ent, 
proteo<ics reveals to Shat eTtent that gene acIvaIon Sas successful and Shat a 
<icrobe can actually perfor<, and <etabolo<ics captures the realvI<e intricacies of 
<etabolis<. HoSever, using these data types in isolaIon is insu/cient to idenIfy 
funda<ental and testable hypotheses to further our understanding of co<pleT 
syste<s like P��s in dyna<ic environ<ents.  

E,orts are already being <ade Sith research integraIng geno<icsvtranscripto<ics 
&�)�* or geno<icsvproteo<ics '. data. Nevertheless, very liLle has been done in the 
forefront of transcripto<icsvproteo<ics and even less Sith proteo<icsv
<etabolo<ics. �e need robust fra<eSorks that are able to <erge di,erent levels of 
datasets alloSing us to vieS causes and conseDuences of <icrobial acIvity <ore 
co<prehensively. Researching the dyna<ic interplay betSeen di,erent levels could 
lead to novel insights into hoS a given phenotype is observed and, Sith vieSs into 
the future, hoS Se can precisely <anipulate a <icrobial co<<unity to achieve a 
desired outco<e. 

 

���#  ��"(�&�����(�����"���!+(�#��(�� �("���(��
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�hile sCaA��ccu<ulibactert has been the focus of this thesis, the insights can eTtend 
toSards general <icrobial survival strategies in dyna<ic environ<ents. Natural 
<icrobial co<<uniIes rarely face staIc condiIons, instead encountering 0uctuaIng 
resources, oTygen levels, and environ<ental shi2s. These dyna<ics <any I<es 
reDuire adaptaIons that go beyond geneIc control, due to the inco<paIbility 
betSeen the change itself and the I<e for reacIon fro< geno<ic control. �t is thus 
interesIng to point out that the strategy sCaA��ccu<ulibactert e<ploys to drasIcally 
sSitch <etabolis< w Shich is <etabolic control w <ay be e<ployed by <any other 
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<icroorganis<s. The only reDuire<ent is that the change in the environ<ent is faster 
than that of protein turnover. �nd this can be found in nearly every environ<ent � can 
think of w fro< oceans that eTperience sudden increase in te<perature fro< a 
hydrother<al vent, to soils Shere a <assive input of ferIliVers are applied by a far<er. 
Fro< SasteSater treat<ent plants that suddenly receive <assive 0oSs of Sater 
during the <idvter< of the Sorld cup .nal, to a cell Sithin a controlled industrial 
bioreactor that suddenly gets pushed by a <assive i<peller toSards a substrate rich 
region Sithin the broth. �e <ust alSays consider that cells react (�0a�+'$�a''8 to a 
given change before they can even aLe<pt to react "�)�1�a''8. 	eneIc control, in 
this sense, is an e,ect rooted on <etabolic change. 
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{Shich does not <ean gossip I<ei|. MarIn and Jitske, thanks for your incredible 
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Thanks for believing in <y Sork even Shen � didn’t, for pushing <e to <ake the 
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course, thank you so <uch for proposing <y na<e to teach �MN Shen you le2. 
�ou helped <e discover <y true passion in life. 

During <y PhD, � Sas fortunate to have the freedo< to collaborate Sith anyone � 
Santed. There Sere <any, and � a< thankful to all of you for sharing ideas, 
co<<ents and paIence Sith <e. Ricardo, tal veV no lo sepas, pero <i PhD se 
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164

 

151 
 

Roeland, Sergio and � Sere lucky to have you on board. �t Sas a lot of fun to see 
you beco<e super responsible and independent in your Sork w and � sIll need to 
beat you at tennis. Dafni, thanks for your enthusias< and strong presence. �ny 
group Sorking Sith you Sill be lucky to have you. � sIll look at your cat draSing 
al<ost every day at Sork. �nd hoS could � forget the youngest, coolest 	en � 
ever, ScoLk Thanks for sharing so<e of your style and youth Sith EBT. �ubo and � 
Sere very lucky to Sork Sith you. 

Finally, <y personal PhD pro9ects Sith students Sho connected Sith <e through 
<y teaching. �sa, � a< so lucky to have Sorked Sith you. �lthough Se are very 
opposite in <any Says, things 9ust Sorked so s<oothly. Maybe that’s hoS the life 
of organiVed people is. Thanks for leMng <e eTperience it for � <onthsi The 
reactors never recovered fro< your absence, even a2er cleaning the< Sith a 
q0essenlikker’. NeTt, a ��0 degrees change w Loek. UniDuely arIsIc, perfectly 
chaoIc. Thanks for all the great I<es Se had together. Dinner and drinks Sith 
your fa<ily in �ageningen Sas a uniDue eTperience w reinforcing the idea that 
these strong connecIons are very rare.  

To all <y students, � Sas honored to Sork Sith you all. � Sill alSays be available 
for a karaoke night. �ou can count on <e for the .rst round of drinks and songs. 

�hen it co<es to teaching, � Sas lucky enough to have Jack and Ulf supporIng 
<y 9ourney. Thank you both for trusIng <e and helping <e apply for the �an Ri9n 
teaching posiIon. �hile teaching, � had the great fortune of Sorking Sith the 
incredibly capable hands of teaching assistants: E/e � Nick, Nina � Esther, Nuria 
� Mehrab, and Marco � Uros. Thanks to each poSerful duo for <aking �MN fun 
and, especially, for helping <e spot <y <istakes and endless typos!. D9ord9e, <y 
�MNvapprenIcei 	racias por tu ayuda, por ense?ar<e nuevas t(cnicas sobre 
<odelos y, <as Due nada, por ser tan ch(vere. �MN Dueda en grandes <anos. 

�1.��0. �f anything is i<probable, that isi � started <y PhD in an o/ce Sith Stefan, 
<y halfvLaIn, karaokevaddicted brother. Thanks for being there for al<ost siT 
yearsi � sIll don’t fully co<prehend hoS fast you forget stu,, but � love it. �n <y 
<ind, you are the oldest 0at<ate �Yve lived Sith. Then ca<e Francesc, el 
ikov
�orbera, fro< Del2 to the Sorld. �hat beLer Say to co<plete our pseudovLaIn 
trio than Sith this blunt, hilariously inappropriate and in9uryvprone personalityk 
Together, Se <ade the o/ce our oSn w .lled Sith clothes, toSels, lab <aterial, 
a de0ated volleyball, broken bad<ington rackets, shooIng unicorns, and <ore. 
�e thought Se had it all. UnIl the revoluIon happened w Rodoula, our divine 
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cienJ.cos, dos libros de historia y una novela. Estoy <uy agradecido de haber 
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substrate into <y P��s Sork. Sie<, although our collaboraIon Sas short, you 
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everything. � Sas lucky enough to learn so<e of your Sisdo<. Finally, �ubo, � a< 
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you <ake <e trust this Sorld. 

NoS, since �’< a bit of an educator <yself, let’s get into the Sorld of studentv
supervisor relaIonships. Being a supervisor Sas very dear to <e. � feel very lucky 
because � think very feS get to eTperience the type of connecIon � felt Sith <y 
students w of course, so<eI<es a bit of dra<a is involved, but yetp Firstly, Daan 
Sith your good vibes and honesty. Together, Se got through very stressful 
<o<ents in our lives and � thank you for that. Robin, the student that alSays 
disappearedi Thanks for teaching <e that pure cultures are not the Say to go in 
EBTi Bea {short version of a long co<pleT Portuguese na<e|, � Sas lucky enough 
to have you Sork on cFB� of P��s. �ou Sere the .rst to teach <e, Sell, 
organiVaIon in the broadest sense. �’< thrilled that Se are noS colleagues. 

�2er this bunch, � Sorked Sith Ji<, qthe lonely Solf’. Thanks for being so 
a<biIous that you got <e started into learning ther<odyna<ics for your BEP w 
Sithout any biological backgroundi � ended up doing Duite a lot of 
ther<odyna<ics later in <y PhD. NeTt up, � Sorked Sith tSo very opposite 
personaliIes: Maaike and Rene. This probably Sas the .rst I<e � realiVed � 
needed to adapt <y style w relaTed yet strict, fun yet serious. Thanks for pushing 
<e to both sides. Maaike, � sIll en9oy Salking in the forest to cal< doSn, and � 
learnt it fro< you. Renep you are, by far, the <ost genuinely unconvenIonal 
person � have ever <et. Thanks for the I<e Se Sorked together. �nd Ti<o, 
Rene’s cal<er hippy brother. � re<e<ber thinking both of you belonged in a <usic 
band Shen � <et you in your .rst year. Thanks for doing your BEP Sith <em � 
learned <ore fro< you than you fro< <e. �nd to both of you, thanks for bringing 
<e a �hrist<as Ie to classi Tobias, you ca<e to shoS <e that BEP students can 
be even <ore <ature and responsible than <yself. Thanks for your hard Sork in 
the lab and for helping <e Sith <y teacher training.  

Soon, � Sas lucky to Sork Sith students that could bridge collaboraIons Sith 
di,erent partners. �asper, you .t perfectly into the role of <anaging tSo 
so<eI<es frustraIngly di,erent vieSs. Thanks for integraIng the< so Sell, 9ust 
like you did Sith the lab and <odels. Lilo, although not directly supervised by 
others, you eTperienced the stress of receiving strong opinions fro< <any 
di,erent people. Thanks for having the strength and paIence to handle it. 
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�s a foreigner in the Netherlands, � only get to see <y fa<ily once a year. But � 
had the pleasure and great fortune to .nd <y very oSn nonvblood related fa<ily 
here in Europe. StarIng Sith �lvaro wyou Sould never forgive <e if � didn’t. 
	racias por ser un canelo, un <enudo canelo. Tuve la enor<e suerte de contar 
con tu a<istad desde el inicio del <aster, escuchando chichi peralta e 
invent ndonos 9uegos con los no<bres de LST. Juntos hace<os los <e9ores tres 
laInos. Ricardo, +�$+ Due no est(s aDu6 en Holanda, pero a(+ cada <o<ento 
cuando nos ve<os. �unDue nos enga?es para no 9ugar �5�.�++&�� o llevarnos a 
<useos, eres <i ?a?o del al<a. Melina, nuestra diosa griega. � never had a sister, 
but our sa<e sense of hu<or and constant s<all .ghts <akes <e feel like � do. 
Thanks for everything w � <iss you living nearby. Jorge, gracias por:�D-4��,��+/>�
�/a�(a%��/$�-4���/�,$%a����,a%�.a�(a%��'a(,$*a�'�(,$.a=E 	racias por tu a<istad 
incondicional y por hacer<e senIr Due <i carbon footprint no es tan grande. 
Sara, gracias por tu honesIdad y por aprenderte todos los no<bres de LST para 
poder re6rnos 9untos.  

My parany<phs, � purposely le2 you doSn here to give you a liLle scare. Nina, � 
a< so lucky to be your friend. Thanks for that. �ou have been Sith <e through so 
<any good <o<ents, but also through tough, sad, and di/cult ones. Thank you 
for being that voice of support, reason, and guidance Shen � needed it, and for 
alSays believing in <e. �nd you’re Selco<e for introducing you to Leiden w �’< 
so glad Se are neighborsi Rodoula, hoS fortunate that you, out of anyone, Sould 
start a PhD in Biotechnologyk �ou <anaged to .nish your PhD Sithout knoSing 
Shat bio<ass $/. �ou earned the <ost parany<ph points everxcounIng both 
posiIve and negaIve. But <ore i<portantly, you .lled <y 9ourney Sith light. 
Thanks for your everyday s<ile. �n case you didn’t knoS, it <akes everyone 
around you happy. So do your nevervending changing hair styles, your 9okes and 
your personality. To both <y lovely parany<phs, thanks for accepIng this di/cult 
long and frustraIng 9obi �nd eDually for trusIng <e to be yours. � couldn’t be 
happier {or busier :p|. 

To <y parents, to Sho {or Sho<stk �’< not using �hat	PT herei| � oSe <y strong 
personality. Jools, thanks for <aking <e the '$5$a)$0+, easygoing, spontaneous and 
fun person � a< w and eTtraordinarily hu<ble too it see<s w 6�#��8= � try every 
day to be a bit <ore like you. �our kids are great teachers because Se learnt fro<, 
nothing short fro< the best storyteller in historyi �nd thanks for your a<aVing 
draSings in this book. Patuleco, �$+/�0��,a"4�>�#�.(a)+. TP <e has dado el <ayor 
e9e<plo de ser una persona traba9adora, fuerte y luchadora. �l pasar los a?os, 
<e doy cuenta de Due <e pareVco < s y < s a I. Me ense?aste Due hacer 
deporte es sPper i<portante, al igual Due tratar de sie<pre dar lo <e9or de I. No 
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intervenIon. �ou changed absolutely everything for us. The o/ce .nally felt like 
a s<all yet Sar< fa<ily. � loved every day � Sent to Sork, and � Sas lucky � could 
share �0 � of <y I<e Sith you guys. 

�utside of the o/ce, � also Sas fortunate enough to <ake great EBTvfriends. �e 
Sere privileged enough to do part of the PhD during lockdoSns. �ho needed the 
botanical Shen Se had each otheri � cherish those <e<ories and thank you all. 
MaTi<, your unnecessarily responsible .nishing of the PhD le2 <any stories 
untold. Thanks for all the long conversaIons siMng on the o/ce 0oor, all the 
gossip, and your uniDue ability to interrogate Sa< and �li. �hris, your responses 
alSays see< delayedxprobably because your neurons have such a long Say to 
traveli Sa<uel, your uniDue charis<a that alloSed us to interrogate your inI<ate 
life. Sergio, Se <ade the best trio living Sith Leo. Thanks for <aking <y PhD fun. 
� can sIll hear the echoes of your voice in the corridors, especially Shen 
so<eone’s na<e is <enIoned. �ho Sas itk Le<in, thanks for being so kind and 
aSkSard Shen hugging w � knoS you try your best. �li, thanks for your help Shen 
discussing against all the U.S. haters. �nd on that note, David, thanks for being so 
annoying and Sinning every co<peIIon. � don’t knoS hoS you do it, but you 
sure Sell knoS hoS to brag about it. Mar%elo, alSays con0icted Sith your daily 
apple consu<pIon. Rootless, alSays trying unsuccessfully to escape long 
lunches. That Son’t Sorki Life is short. 

�lthough not enIrely EBT, <y EBTvrelated friends eTtended to very lovely people. 
Mariana, thanks for being so incredibly plasIc, .Mng into any group. Every I<e 
our eyes <et, � kneS � Sas in for a Save of longvneededvgossip. Thanks, `bbcegh, 
for our .rst handshake and hug w you are the Sar<est person �’ve ever <et. 
Thanks Jan w you <ight not knoS this, but you radically changed <y Sorkvlife 
balance Sith the Bullet Journal. MaLeo, thanks for alSays being so encouraging 
in everything, fro< Dutch to cli<bing. 

To <any other old and neS BT <e<bers, thanks for sharing these years Sith <e 
and for taking 10 eTtra <inutes at lunch to have a nice chat. �leTandra, Bea, 
�hiara {the che<ister|, �laudia, 	eorg, Heike, Hugo, �s<ail, Jelle, Jel<er, Ji, Jisk, 
Jitske, Jo!o, Jules, Jure, Linghang, LuV, Mario, Marit, Marta, MarI9n {felloS 1� L 
beer drinker|, Marte, Natalia {the al<ost palindro<e|, Puck, Ra<on, Rebeca, 
Robbert, SebasIan, Sirous and So.a. �nd of course, a giganIc TH�N
 ��U to Benv
Ditav�ita {in Spanish: blessed �ita|, Dirk, 
evin, Miranda, �pilena, Jannie, 	ea, 

aSieta and Nayyar for all your help in and out of the lab. None of the Sork done 
in any PhD Sould be possible Sithout you.  
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ser( sie<pre el <e9or, pero intento dar lo <e9or de <6, y eso <e lo ense?aste tP. 
� <is her<anos: s�'�7>���%a�����4(a.A��$((8>�C#a.'$�>�)4)�a��4(�)t. jSi tan solo 
supiera el Patui 	racias por todo. Sie<pre intento aprender canciones en el piano 
o en la guitarra pensando Due algPn d6a les har( escuchar. Pasar Ie<po con 
ustedes y sus nuevos nPcleos fa<iliares <e recuerda lo Due es i<portante en esta 
vida. 	racias �gorete por tus dise?os para este libro. � a I y a la Pandorita por 
escuchar <is historias. 	raicas �ri y Lau, por todos los buenos <o<entos Due 
he<os pasado 9untos. Mis PlI<os d6as en Ecuador sie<pre son los <e9ores 
gracias a ustedes, a nuestros parIdos de fPtbol, bailes y parrilladas. 	randsil and 
DaSn, thanks for taking <e in for so<e Seeks every year to spend so<e I<e 
being truly spoilt in England. � <i casivfa<ilia Felipollito, 	uLo, Merino y Sebas 
gracias por sie<pre hacer el esfuerVo de ver<e cuando estoy de visita. j�h co<o 
<e encantan <is ventanasi 

�nd last, the one person Sho supported <e the <ost on this 9ourney w <y lovely 
liLle �ends. This, for sure, <ust be the selfvasse<bled brain � <enIoned at the 
beginning of the secIon, because having a life so perfect Sith you see<s truly 
i<possible. �’ve alSays said that the PhD is a fun and notvsovstressful 9ourney. This 
is hugely biassed, of course, because � speak fro< the privilege of having <y best 
friend by <y side at every step of the Say.  
My best friend Sho reSatches Sith <e every 9oke � think � <ade during �MN.  
My best friend Sho spins Seird theories Sith <e about everything.  
My best friend Sho plays along Sith all <y stupid liLle guessing ga<es.  
My best friend Sho gets <e, Sho <akes <e laugh, Sho <akes <e happy.  
My best friend Sho w though it’s hard to ad<it w is the creaIve <aster<ind 
behind all the ga<es and videos �’ve <ade.  
�’< so lucky that � live Sith <y best friend.  

Thank you, universe of endless probabiliIes, for giving <e this selfvaSare brain 
.lled Sith all these lovely <e<ories.  
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