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ABSTRACT 

Flux balance analysis (FBA) is an important method
for calculating optimal pathways to produce industri-
ally important chemicals in genome-scale metabolic
models (GEMs). Ho we ver, for biologists, the require-
ment of coding skills poses a significant obstacle
to using FBA for pathway analysis and engineering
tar get identification. Additionall y, a time-consuming
manual drawing process is often needed to illus-
trate the mass flow in an FBA-calculated pathway,
making it challenging to detect errors or discover
interesting metabolic features. To solve this prob-
lem, we developed CAVE, a cloud-based platform
for the integrated calculation, visualization, exami-
nation and correction of metabolic pathways. CAVE
can analyze and visualize pathways for over 100
published GEMs or user-uploaded GEMs, allowing
f or quic ker examination and identification of special
metabolic features in a particular GEM. Additionally,
CAVE offers model modification functions, such as
gene / reaction remo v al or addition, making it easy
for users to correct errors found in pathway analy-
sis and obtain more reliable pathways. With a focus
on the design and analysis of optimal pathways for
biochemicals, CAVE complements existing visualiza-
tion tools based on manuall y dra wn global maps and
can be applied to a broader range of organisms for
rational metabolic engineering. CAVE is available at
https:// cave.biodesign.ac.cn/ . 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

Genome-scale metabolic model (GEM) analysis has be-
come an indispensable tool for guiding the engineering of
microorganisms to improve the production of industrially
important chemicals. Flux balance analysis (FBA) is one of
the most widely used algorithms for GEM analysis, allow-
ing for the prediction of optimal pathways from a substrate
to a product in a GEM and subsequent identification of
possible metabolic engineering targets ( 1 ). Se v eral software
tools, including COBRA ( 2 ) and CellNetAnalyzer ( 3 ), have
been de v eloped for GEM analysis using FBA ( 4 ). Howe v er,
the programming skills r equir ed (Python / MATLAB) pose
a significant challenge for biologists to perform FBA us-
ing these tools. Furthermore, the optimal pathway calcu-
lated from these tools is often presented as a list of reac-
tions with flux values, making it difficult to discover inter-
ma hw@tib.cas.cn 
8; Email:liao xp@tib.cas.cn 
 be regarded as Joint First Authors. 

cids Research. 
Attribution-NonCommercial License 
-use, distribution, and reproduction in any medium, provided the original work 
m 

https://orcid.org/0000-0002-8160-2585
https://orcid.org/0000-0002-9394-9148
https://orcid.org/0000-0002-9852-910X
https://orcid.org/0000-0001-5325-2314
https://cave.biodesign.ac.cn/


Nucleic Acids Research, 2023, Vol. 51, Web Server issue W71 

e
o
t
t

o
P  

d
c
l
G
b
d  

v
t
w
b
r
v
M
p
d
m
a
c
p
i

u
f
a
fl
e
w
c  

c
a
p
w
c
e
a
t
f
t
o
c

a
m
f
s
o
z
r
t
i  

w
t
v
t

r
a
i
fi
t
b
t

I

C
n
l
F
p
c
c
t

D

C
u
d
t
i  

e
u
a
f
d
c
f
t
s
c
j
p

L

A
f
e
p
t
f
t
i

F

T
w
s
e
A
H
a
c

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/W

1/W
70/7157517 by guest on 22 Septem

ber 2023
sting metabolic properties without a visual r epr esentation 

f the pathway. Manual drawing of the pathway map from 

he reaction list is often necessary to properly understand 

he mass flow in the pathway. 
Se v eral networ k visualization tools have been de v el- 

ped to simplify this process. For example, Escher ( 5 ), 
athview Web ( 6 ), IMFLer ( 7 ) and iPath3.0 ( 8 ) use pre-
rawn metabolic maps to map and visualize the FBA- 
alcula ted pa thways. Howe v er, r elying on pr e-drawn maps 
imits the application of these tools to a small number of 

EMs with available manually drawn maps. Another draw- 
ack of this approach is that the manually drawn maps often 

isplay only a small subset of reactions in a GEM to make it
isually inspectable. This limitation makes it difficult to ob- 
ain a complete picture of a calculated pathway using FBA, 
hich contains not only the backbone conversion pathway 

ut also the pathways to balance co-substrates , co-products , 
educing powers and energy. Certain general graph-based 

isualization tools [e.g. Cytoscape ( 9 ), VisANT ( 10 ) and 

odelExplorer ( 11 )] have also been adopted for metabolic 
a thway visualiza tion. Howe v er, these tools r equir e ad- 
itional effort to convert the pathway reaction list to a 

etabolite graph by treating metabolites as nodes and re- 
ctions as edges. This conversion process often r equir es 
oding skills, and the handling of currency metabolites 
resents another challenge in generating biolo gicall y mean- 

ngful pathway graphs ( 12 ). 
In summary, while se v eral tools exist to help biologists 

se FBA for metabolic pathway analysis, the r equir ement 
or programming skills and the limited functional cover- 
ge of existing tools for the entire model-to-disco very w ork- 
ow remain significant obstacles. Therefore, an integrated, 
asy-to-use tool is highly desirable to streamline the path- 
ay calculation, analysis and visualization processes. Re- 

ently, the w e b application Fluxer ( 13 ) was de v eloped to
ompute, analyz e and visualiz e GEMs using a spanning tree 
pproach to visualize FBA-calcula ted pa thways. This ap- 
roach is particularly useful for visualizing complex path- 
a ys f or biomass growth that in volve synthesizing dozens of 

ellular components through hundreds of reactions. How- 
 v er, Fluxer is not suitable for visualizing pathways from 

 substrate to a desired product, which is of particular in- 
erest to synthetic biologists who aim to create artificial cell 
actories for producing valuable biochemicals. Additionally, 
her e is curr ently no way to change the FBA optimization 

bjecti v e from biomass growth to the production of a spe- 
ific compound in Fluxer. 

To overcome these challenges, we have developed CAVE, 
 cloud-based w e b tool for the analysis and visualization of 
etabolic pathways. With CAVE, users can select a GEM 

rom the BiGG database ( 14 ) or upload their own model, 
pecify a substrate and a target product, and calculate the 
ptimal pathway using FBA or pFBA (parsimonious en- 
yme usage FBA) ( 15 ). Pathway maps are generated di- 
ectly from the pathway reactions using d3flux, eliminating 

he need for pre-drawn maps. This allows for a quick and 

ntuiti v e e xamina tion of the flux distribution in the pa th-
ay, facilitating the discovery of interesting metabolic fea- 

ures for metabolic engineering. In addition, CAVE pro- 
ides model quality checking functions and enables users 
o add, remove or modify reactions in the network to cor- 
ect any errors found during pathway analysis. This iter- 
ti v e modification / calculation / e xamination process results 
n mor e r eliable pathways. To our knowledge, CAVE is the 
rst tool to offer such an integrated and streamlined func- 
ion for metabolic network check and modification, FBA- 
ased pathway analysis and interacti v e pathway visualiza- 
ion in a biolo gist-friendl y manner. 

MPLEMENT A TION 

AVE is built on Amazon Web Services (AWS) using an in- 
ovati v e serv erless ar chitectur e with automatic scaling, al- 

owing for high concurrency performance (Supplementary 

igure S1). Every submission from the front end initiates a 

arallel computing process, with no regard to the w e bsite’s 
urrent demand. Our platform was built on a three-tier ar- 
hitecture consisting of a data storage tier, logic computa- 
ion tier and front-end presentation tier. 

ata storage 

AVE provides a wide selection of high-quality GEMs for 
sers to choose from, including 108 GEMs from the BiGG 

atabase, as well as two additional high-quality GEMs for 
wo model organisms, iCW773 

R ( Corynebacterium glutam- 
cum ) ( 16 ) and iBsu1147 

R ( Bacillus subtilis ) ( 17 ). All mod-
ls are stored on AWS S3 in JSON format. Users can also 

pload their own models to CAVE, and custom models 
nd the calculated pathways are temporarily stored on S3 

or la ter retrieval. DynamoDB , a fully managed NoSQL 

atabase service provided by AWS, is used to store and pro- 
ess information related to models and jobs. The model 
orm contains data related to model ID and names, while 
he job form stores job-specific information, including sub- 
trates, products and the ID of the model used for pathway 

alcula tion. Once the pa thway calcula tion is completed, the 
ob form is updated with the S3 address of the calculated 

athway. 

ogic computation 

WS API Gateway directs HTTP requests from the 
ront end to the serverless Lambda functions in the back- 
nd. To execute model parsing / editing and pathway com- 
utation using FBA and pFBA, a Lambda layer containing 

he COBRApy package ( 18 ) is created. Additional Lambda 

unctions are utilized to retrie v e flux distributions in the op- 
imal pathway, compare pathways and add supplementary 

nformation in the pathway file for visualization. 

ront end 

he CAVE front-end w e bsite is built with the React frame- 
ork ( https://github.com/facebook/react/ ) and the Ant De- 

ign UI library ( https://github.com/ant- design/ant- design ), 
nsuring secure access to AWS cloud services through the 
WS Amplify toolkit. The w e bsite’s static files, such as 
TML pages and JavaScript code, are stored on AWS S3 

nd distributed through AWS CloudFront, providing fast 
ontent deli v ery to users worldwide. 

https://github.com/facebook/react/
https://github.com/ant-design/ant-design
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Visualization 

CAVE uses d3flux ( https://github.com/pstjohn/d3flux ) to
automa tically genera te and visualize metabolic pathway
graphs on the w e b page. d3flux provides various functions
for producing biolo gicall y meaningful pathway maps, such
as the ability to hide or show cofactors / currency metabo-
lites differently from main metabolites to avoid ambigu-
ous links. This makes the pathway map more biologically
understandable, helping biologists quickly identify interest-
ing metabolic features or pathway errors. Users can inter-
act with the pathway map to access detailed information on
metabolites and reactions or refine the la y out by dragging
nodes. 

MAIN FUNCTIONALITY OF CAVE 

CAVE provides a modular set of tools for metabolic path-
way design and analysis, comprising model input / pre vie w,
pa thway calcula tion, pa thway analysis and visualization,
model quality control and model modification (Figure 1 ).
Users can choose to use any combination of these func-
tions, from a single pathway calculation to a comprehen-
si v e iterati v e wor kflo w inv olving multiple functions. By vi-
sually inspecting the pathway, identifying errors and cor-
recting them through model modification, users can achie v e
mor e r eliable pathway r esults. 

Model input / preview 

CAVE provides a user-friendly interface for model selection
and uploading, featuring a sorted select box by species name
and a dynamic search function. The platform currently sup-
ports most GEM formats for user-uploaded models, includ-
ing JSON, SBML, YAML and MATLAB. After selecting
or uploading a model, users can check its basic information
on the pre vie w page, such as the number of genes, reactions
and metabolites. The input metabolite list allows for quick
identification of transportable metabolites and those with
suspectable bounds. Users can modify the bounds of an ex-
change reaction directly from the pre vie w page to turn off a
carbon source or increase its uptake rate (Figure 2 A). Car-
bon source selection can also be performed at the pathway
calculation page, which automatically turns off the uptake
reaction of all other carbon sources. 

P athw ay calculation 

This module empowers users to ef ficiently calcula te
metabolic pathways from a gi v en substrate to a desired
product (Figure 2 B). An auto-fill input box ensures ac-
curate metabolite selection and avoids typos. GEMs typi-
cally use biomass growth as the default objecti v e reaction
and introduce a non-growth-associated ATP maintenance
(NGAM) r eaction to r epr esent energy consumption for cel-
lular maintenance. Howe v er, the NGAM reaction often has
a lower bound that causes unnecessary ATP consumption
during pathway calculation. To address this issue, CAVE
provides an option to set the lower bound of the mainte-
nance reaction to zero. Users can also specify the oxygen
uptake rate to calculate pathways under different conditions
(aer obic / micr oaer obic / anaer obic). Additionally, some or-
ganisms can fix CO 2 from the environment as a carbon
source, and the parameter ‘Allow CO 2 assimilation from en-
vironment’ has been added to accommodate this. CAVE re-
quires the users to provide a pathway label before submit-
ting their job for easy retrieval later on for analysis, visual-
ization and comparison. 

The settings mentioned earlier, namely ‘ATP mainte-
nance’, ‘Oxygen uptake rate’ and ‘Substrate uptake rate’,
are utilized to modify the parameters of the model via
server-side code. If a user sets the ‘ATP maintenance’ to 0,
for example, the code will search for the NGAM reaction
from a list of possible reaction IDs (e.g. ATPM: atp + h2o
→ adp + h + pi) in the model and change its boundary to
0–1000, effecti v ely deacti vating NGAM. Howe v er, there is
a possibility that a user-uploaded model may contain an ID
that is not listed in the saved reaction ID list, in which case
the code will be unable to locate and modify the NGAM
reaction. In such a scenario, a warning window will ap-
pear, prompting the user to change the boundary in the
‘Model modification’ module of CAVE. Optimal pathway
calculation can be carried out using either FBA or pFBA,
depending on the user’s choice of ‘Simulating with’. pFBA
is a variant of FBA that seeks to minimize the flux associ-
ated with each reaction in the model while maintaining op-
timal flux through the objecti v e function ( 15 ). Most path-
ways are calculated within seconds, and the results are pre-
sented in a searchable and sortable smart table. The table
lists the pathway reactions and their fluxes (Figure 2 B), with
the objecti v e reaction for the target product highlighted and
placed at the top. Furthermore, this table grants users the
ability to select and filter reactions based on their fluxes,
thus facilitating the selection of a list of reactions of inter-
est for visualization or obtaining the backbone reactions in
the pathway through flux filtering. A summary page pro-
vides important statistical information about the pathway
to help the users evaluate its reliability. The product yield
and carbon yield (r epr esenting the percentage of carbon
atoms transferred from the substrate to the product) are dis-
played on this page. A carbon yield value > 1 indicates ad-
ditional carbon inputs from other metabolites besides the
substrate, while a very small value indicates that a signifi-
cant amount of substrate is converted to other metabolites
rather than the target product. Both cases r equir e car eful ex-
amination of the pathway. Correspondingly, CAVE shows
the exchange reactions in the pathwa y f or the users to eas-
ily check what other metabolites are consumed or produced
in the pathway (Figure 2 C). Furthermor e, the r eactions for
consumption / production of ATP and NAD(P)H are sum-
marized to allow the users to quickly check the balance of
energy and reducing powers. 

P athw ay analysis / visualization 

This module facilitates the process of obtaining target
strains in metabolic engineering, which often involves mul-
tiple rounds of transformation. To streamline this process,
CAVE enables computa tional simula tion and documenta-
tion of each step, presenting all simulations to the user
through the ‘Pathway analysis / comparison’ module. With
this module, users can easily select, display and visualize

https://github.com/pstjohn/d3flux
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Figure 1. Main function modules of CAVE and two typical workflows using CAVE. Users can obtain and visualize a pathway for high-quality GEMs 
without errors using the modules connected through the green lines. Howe v er, for GEMs with errors, users may need to iterati v ely use all the modules to 
calculate, check and correct until a reliable pathway is obtained, as shown in the red lines. 

Figure 2. Optimal pathway design for 2-o x oglutarate (AKG) production in iML1515 using CAVE. ( A ) Choose a model and pre vie w its basic information. 
( B ) Define the simulation conditions and calculate the optimal AKG production pathway and the flux distribution. ( C ) Summary information of the 
optimal pathway. ( D ) Visualization of the pathway shows the threonine bypass, which can improve the product yield. 
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reviously calculated pathways. Selecting a single pathway 

nd clicking ‘Submit’ displays the reactions in the path- 
ay in a smart table, similar to the ‘Pathway Calculation’ 
age. Furthermore, CAVE allows users to automatically 

ener ate an inter acti v e pathway map using d3flux for vi- 
ual examination of the pathway. Users have the option 

o hide cofactors to obtain a clean map showing actual 
ass flow in the pathway (Figure 2 D) or show the cofac- 

ors to easily identify where ATP and NAD(P)H are con- 
umed or produced. Both reaction nodes and metabolite 
odes can be dragged to refine the la y out, and the node 
oordinates of the manually adjusted pathway map can be 
xported for future reuse. Nodes and edges are clickable, 
isplaying detailed information about the related metabo- 
ites and reactions. Another useful function of CAVE is 
he comparison of two different pathways obtained from 

ifferent models or at different par ameter configur ations. 
his allows users to identify interesting metabolic features 
nd see their effects on product yield, potentially aiding in 

he discovery of potential metabolic engineering targets to 

mpr ove pr oduct yield or identifying possible errors in a 

odel by comparing it with a high-quality standard model 
 19 ). 

uality control 

AVE offers users the possibility to find the optimal con- 
ersion pathway in just a few simple steps on the w e bsite, 
aking only a minute to complete. Howe v er, it is important 
o note that errors in the metabolic models, e v en in pub- 
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lished high-quality GEMs, may result in pa thways tha t are
not correct. To ensure the accuracy of the model, tools such
as MEMOTE ( 20 ) have been proposed for model testing
and to ensure the model meets certain criteria (e.g. detailed
annotation for genes / metabolites, stoichiometrically con-
sistent) before publication. For pathway calculation, CAVE
provides pathway quality control functions, which are espe-
cially important for checking ener gy / reducing po wer pro-
duction pathways. An unreasonably high ATP production
ra te may indica te problems in the model, significantly af-
fecting pathway analysis results. Additionally, CAVE al-
lows users to batch check the pathway for the synthesis of
biomass building blocks (e.g. 20 amino acids). This can help
users identify gaps in the network or pinpoint metabolites
with yields higher than the theoretical maximum yield. 

Model modification 

CAVE offers users the ability to modify the network by
adding, removing or editing reactions to correct errors
found during pathway analysis or quality control. Users
can update the reaction equation to include a missing com-
pound, correct a wrong annotation in the gene–protein–
r eaction r elationships, adjust r eaction bounds to change r e-
versibility or introduce new rate constraints. The ‘New Re-
action Addition’ function allows users to fill gaps in the
model or add heterologous reactions to expand the biosyn-
thetic capabilities of the model when calculating pathways
f or a f oreign pr oduct. CAVE pr o vides tw o methods for cre-
ating new r eactions: dir ectly inputting the reaction equation
for the new reaction, ensuring that metabolite IDs in the
equa tion ma tch those in the model, or gradually building
reactions by selecting substrates and products from a drop-
down list of metabolites in the model or a new metabolite
from BiGG. The latter method is recommended to ensure
that the new reaction is correctly linked to the reactions in
the model. CAVE also enables users to simulate the effect of
gene knockout on the pathways by removing one or more
genes in the model. The modified network can be saved in
JSON, SBML and MATLAB formats for future analysis. 

CASE STUDIES 

To demonstrate the usefulness of CAVE, we present two
case studies. The first case illustrates how CAVE was utilized
to compute the pathway for 2-o x oglutarate (AKG) and dis-
cover a new metabolic engineering strategy. The second case
exemplifies how various function modules in CAVE were
employ ed iter ati v ely to identify errors in the pathway, mod-
ify the model and obtain a more reliable pathway. 

Case 1: computing pathways for AKG production and discov-
ering engineering strategies 

AKG is a crucial precursor for synthesizing various amino
acids and a central metabolite in the tricarboxylic acid
(TCA) cycle pathway ( 21 ). To compute the optimal path-
wa y f or AKG production, we employed the latest Es-
c heric hia coli GEM, iML1515 ( 22 ), in CAVE. Upon select-
ing the model on the home page, CAVE displayed basic in-
formation about iML1515, including 2712 reactions, 1877
metabolites and 1516 genes, as well as culture conditions of
carbon source, nitrogen source and other elements of the
model for boundary modification and viewing (Figure 2 A).
On the ‘Pathway Calculation’ page, we selected AKG as
the objecti v e product and set the glucose uptake rate to 10
mmol / g dry cell weight (DCW) / h (Figure 2 B). The oxygen
uptake rate was kept at its default value to calcula te pa th-
ways under aerobic conditions, which can be changed to
0 mmol / g DCW / h for anaerobic conditions. The objecti v e
was set to AKG, and the ATP maintenance rate was set to
0 for computing optimal pathways. Upon submission, the
pathway flux distribution results were displayed as a smart
table that could be sorted and sear ched (Figur e 2 B). The
first highlighted line showed that the optimal rate for AKG
production was 12 mmol / g DCW / h. On the ‘Results Sum-
mary’ tab, the carbon yield of this pathway was 1, indicating
that all carbon atoms from the substrate glucose are trans-
ferred to AKG (Figure 2 C). 

By clicking the ‘Visualization’ button at the bottom of
the result page, users can generate a pathway map for vi-
sual examination. The map shown in Figure 2 D re v eals that
in addition to the main flux backbone for AKG synthesis,
there is a cycle pathway starting from oxaloacetate to repro-
duce acetyl-CoA and pyruvate. This pathway is the thre-
onine bypass we reported previousl y, w hich can improve
PHB production by reutilizing the CO 2 (or formate) lost in
the pyruv ate dehy dro genation step ( 23 ). Notabl y, we found
that the threonine bypass was also necessary for the opti-
mal production of AKG. By using CAVE, we discovered
this engineering strategy in about a minute through a few
steps f or pathwa y calcula tion and visualiza tion. For com-
parison, we computed the AKG production pathway in the
E. coli core model, ‘e coli core’ ( 24 ), which contains only
the main reactions in the metabolic network. The AKG
carbon yield of the pathway was only 0.833, as there was
no threonine bypass in the model. Supplementary Figure
S2 shows the pathway maps of AKG computed from the
e coli core model and the comparison maps of the two
pathways. 

Case 2: error correction to obtain a reliable pathway for serine
production 

As an important amino acid product, L -serine (SER) has
di v erse applications in various fields, including food, phar-
maceuticals and cosmetics ( 25 ). To illustrate CAVE’s ability
to identify and correct errors in pathway analysis, we used
the iJN746 ( 26 ) model of Pseudomonas putida to calculate
the optimal pathway for SER production. For this study,
we set the glucose and oxygen uptake rates at 10 and 1000
mmol / g DCW / h, respecti v ely (aerobic conditions). Addi-
tionally, we changed the ‘Allow CO 2 assimilation from envi-
ronment’ to ‘YES’ to investigate whether this model can use
CO 2 as a carbon sour ce. Surprisingly, the r esults show that
the pathway is very complex, with 359 reactions and an SER
carbon yield of only 0.454, implying a large amount of car-
bon loss (Figure 3 A). From the ‘Result Summary’ tab, we
can see that the biomass reaction ‘BIOMASS KT TEMP’
is also included in the pathway with a flux of 1 g / g DCW / h.
By using the ‘Modification’ module, we discovered that the
lower bound of this reaction is set at 1 instead of 0 (Figure
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Figure 3. Identification and correction of errors in the SER synthesis pathway of iJN746 model using CAVE. ( A ) Calculation of the optimal synthesis 
pathwa y f or SER based on the iJN746 model. ( B ) Search ‘BIOMASS KT TEMP’ reaction on the ‘Modification’ page and update its lower boundary from 

1 to 0. ( C ) Visualization of the SER production pathway calculated from the original iJN746 model. ( D ) SER production pa thway calcula ted using the 
updated iJN746 model. 
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 B), which explains the carbon loss and the complexity of 
he pathway (as many reactions are required to synthesize 
iomass building blocks). We changed the boundary to 0, 
nd the resulting pathway has a more reasonable 41 reac- 
ions. Additionally, we noticed that the SER carbon yield 

as increased to 1.2, implying that there is CO 2 fixation in 

he pathway. 
Howe v er, the visualized pathway shown in Figure 3 C in- 

ica tes tha t this carbon fixa tion is caused by some errors 
n the model. The first error is that SER is synthesized di- 
 ectly from p yruv ate b y reacting with ammonium. This re-
ction should be irre v ersib le and can only happen in the
e v erse direction; therefore, the upper bound of this reac- 
ion was changed to zero. The second error is caused by a 

et energy generation cycle, as shown in Figure 3 C. This 
ycle was corrected by changing the lower bound of reac- 
ion ALDD2x copy2 (acald c + h2o c + nad c ⇔ ac c + 2.0
 c + nadh c) to 0, so that it can onl y ha ppen in the for-
ard direction ( 27 ). The third error is in the carbon fixa- 

ion cycle, where reaction AKGDa (akg c + h c + lpam c 
 co2 c + sdhlam c) should also be changed to irre v ersib le.

he visualized pathway maps can help users with biochem- 
stry knowledge quickly identify and correct abnormal re- 
ctions in the pathway without leaving CAVE. After these 
orrections, a biolo gicall y more reasonable pathwa y f or ser- 
ne synthesis was obtained (Figure 3 D). In this pathway, the 
ER precursor phospho gl ycerate (3PG) is produced by the 
ntner–Doudorof f (ED) pa thway, and the pa thway from 

PG to SER agr ees with the pathway r eported in biochem- 
stry textbooks. 
It is important to note that some of the errors mentioned 

bove can be detected prior to pathway analysis by utiliz- 
ng the ‘Quality control’ module. For instance, by check- 
ng the ATP production, users can identify that the model 
JN746 is capable of generating 1000 mmol ATP from 10 

mol glucose. Moreover, the net energy generation cycle 
rror , mentioned earlier , can be detected by visually in- 
pecting the ATP production pathway as shown in Sup- 
lementary Figure S3. Following the correction, the ATP 

roduction rate was enhanced to 217.5 mmol / g DCW / h 

rom 10 mmol / g DCW / h glucose, and the pathways re v eal
hat ATP is predominantly produced through the ED path- 
ay and the TCA cycle (Supplementary Figure S3). Similar 

nergy generation errors not only exist in iJN746, but are 
lso commonly observed in other models, including the E. 
oli model iECIAI1 1343 ( 28 ), the Acinetobacter bauman- 
ii AYE model iCN718 ( 29 ) and the Homo sapiens model 
econ1 ( 30 ). With CAVE, it is possible to detect and rec-

ify such errors, thereby obtaining more dependable path- 
ay design outcomes. 

ISCUSSION 

ellular metabolism can be engineered to redirect metabolic 
uxes toward valuable biochemicals, and synthetic biology 

ims to achie v e this goal. GEM analysis is a useful tool for
redicting optimal engineering strategies for flux di v ersion. 
AVE is designed to help experimental biolo gists, w ho lack 

oding skills, to harness the power of GEM analysis in engi- 
eering organisms. By integrating COBRApy ( 18 ) for path- 
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way calcula tion a t the backend and d3flux for pathway vi-
sualiza tion a t the front end, CAVE allows users to choose
a model, specify the substrate and product, set the con-
ditions (aer obic / anaer obic), calculate and visually check a
pathway in about a minute. Currently, no other tools offer
such an easy-to-use one-stop pathway design / visualization
service. Some tools, such as Escher-FBA ( 31 ), Fluxer ( 13 )
and MetExplore ( 32 ), provide pathway analysis and visual-
ization functions, but changing the optimization objecti v e
from biomass to a target product can be challenging. Users
have to download the SBML file of the model and manually
edit it to add a demand reaction for the product and change
the objecti v e to the newly added demand reaction. This is
difficult for experimental biolo gists w ho may not e v en un-
derstand the SBML file format. 

In contrast, CAVE allows users to easily choose any
metabolite in the specified GEM as the target product.
The auto-fill input box ensures that only metabolites in the
GEM can be selected. CAVE also provides functions to add
external reactions to a model, making it possible to calcu-
la te pa thways to a heter ologous pr oduct. Designing and an-
alyzing optimal product synthesis pathways are at the center
of CAVE de v elopment. CAVE does not aim to visualize the
global network organization like Fluxer or map pathways
to the entire network like Escher ( 5 ). Although large net-
works can be impressive, they are difficult for biologists to
understand and do not offer much help in identifying pos-
sible engineering targets. Instead, CAVE focuses on prod-
uct synthesis pathways, which typically contain < 100 reac-
tions. Ther efor e, the automa tically genera ted pa thway map
is more accessible to biologists. Users can generate a clear
mass flow pathway by simply dragging and dropping a few
nodes. In comparison with the dendro gram ma ps generated
by Fluxer, the pathway maps generated by CAVE (as shown
in Figures 2 and 3 ) are more biolo gicall y meaningful. CAVE
can be used f or pathwa y design f or a wider range of organ-
isms than other tools since there is no requirement for pre-
drawn maps. 

Another one of the distincti v e features of CAVE is its
ability to integrate model quality control and modifica-
tion functions. Despite the existence of over 200 so-called
high-quality GEMs, many of them have not been ade-
quately tested for the design of product synthesis pathways,
and errors in the calculated pathways are not uncommon.
Through visualization, CAVE enables biologists to inspect
pathways visually and identify reactions that may be incor-
rect. The output of the pathway analysis is also designed to
facilitate error identification. The ‘Result Summary’ page,
for instance, pro vides k ey information on carbon, ATP and
reducing power balances. After identifying errors, users can
dir ectly r emove or modify incorr ect r eactions in the model
using the ‘Modification’ function. Additionally, CAVE of-
fers certain pre-analysis quality control measures for fre-
quently occurring errors (such as ATP / N ADPH / N ADH
net production, mass imbalance and network gaps), allow-
ing users to evaluate the model’s accuracy before using it for
pathway design. 

CAVE is more than just a tool for biologists to calculate
and visualize pathways without programming skills. It also
enables them to obtain more dependable pathways through
an iterati v e calculation / e xamination / modification process
using the provided functions. This is particularly crucial
since incorrect pathways result in incorrect targets and may
lead to wasted time and r esour ces on costly genetic engi-
neering to ov ere xpress, insert or delete the gene targets. 
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