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1  | INTRODUC TION

Agrobacterium tumefaciens is a gram-negative α-proteobacterium of 
the Rhizobiaceae family. Taxa that belong to Rhizobiaceae can live in-
dependently in the soil or rhizosphere environment or coexist with 
plant nodules. Unlike Rhizobium in the same phylogenetic family, 

A. tumefaciens causes crown gall disease in plants. A. tumefaciens can 
transfer a part of the tumour-inducing (Ti) plasmid into plant cells, with 
the subsequent integration of segments into the host genome. A. tu-
mefaciens is a highly efficient tool in nature for generating transgenic 
dicotyledonous plants and, in laboratory conditions, some mono-
cots (Nester, 2014). Within the past two decades, A. tumefaciens has 
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Abstract
The plant pathogen Agrobacterium tumefaciens causes crown gall disease and is a 
widely used tool for generating transgenic plants owing to its virulence. The patho-
genic process involves a shift from an independent to a living form within a host plant. 
However, comprehensive analyses of metabolites, genes, and reactions contributing 
to this complex process are lacking. To gain new insights about the pathogenicity 
from the viewpoints of physiology and cellular metabolism, a genome-scale meta-
bolic model (GSMM) was reconstructed for A. tumefaciens. The model, referred to 
as iNX1344, contained 1,344 genes, 1,441 reactions, and 1,106 metabolites. It was 
validated by analyses of in silico cell growth on 39 unique carbon or nitrogen sources 
and the flux distribution of carbon metabolism. A. tumefaciens metabolic character-
istics under three ecological niches were modelled. A high capacity to access and 
metabolize nutrients is more important for rhizosphere colonization than in the soil, 
and substantial metabolic changes were detected during the shift from the rhizos-
phere to tumour environments. Furthermore, by integrating transcriptome data for 
tumour conditions, significant alterations in central metabolic pathways and second-
ary metabolite metabolism were identified. Overall, the GSMM and constraint-based 
analysis could decode the physiological and metabolic features of A. tumefaciens as 
well as interspecific interactions with hosts, thereby improving our understanding of 
host adaptation and infection mechanisms.
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become a model organism for studies of many biological processes, 
such as pathogen–host interactions (McCullen & Binns, 2006), nucle-
oprotein complex transport (Guo et al., 2019), the type IV secretion 
system (Guo et al., 2007), and quorum sensing (Lang & Faure, 2014). 
A.  tumefaciens research has focused on the mechanism underlying 
transfer DNA (T-DNA) transfer and virulence induction.

Genetic transformation by A. tumefaciens is related to its patho-
genicity and involves a shift from free-living to plant-associated 
forms. Soilborne A. tumefaciens is widely found in natural habitats, 
such as the bulk soil and rhizosphere (Meyer et al., 2019), where 
it is subjected to nutrient limitation and external stress, including 
pollutants. On sensing phenols and other nutrients secreted from 
plant wounds, A.  tumefaciens moves to wound sites and mediates 
crown gall formation to create a better environment for survival. The 
movement and adaptability of A. tumefaciens is spontaneous and dy-
namically controlled by metabolic regulation, therefore knowledge 
of metabolic differences between free-living and saprophytic A. tu-
mefaciens could improve our understanding of the pathogenesis 
of crown gall disease and provide a basis for optimizing transgenic 
plant development. The cellular metabolism of A.  tumefaciens is 
not well-characterized, and most studies have focused on specific 
metabolites that accumulate in tumours (Deeken et al., 2006; Lang 
et al., 2014; Simoh et al., 2009; Vigouroux & El Sahili, 2017). Gene 
expression data related to the exploitation of host resources have 
recently been published (Gonzalez-Mula et al., 2018, 2019), but 
these transcriptomics analyses do not reflect comprehensive meta-
bolic changes in A. tumefaciens.

With the development of systems biology, genome-scale met-
abolic models (GSMMs) have become an effective and systemic 
platform for evaluating associations among metabolites, genes, and 
reactions in a living organism. By integrating various computational 
constraint-based algorithms, GSMMs could identify requirements 
for cell growth, predict metabolism in pathogen–host systems, 

and analyse interspecific interactions (Xu et al., 2018). GSMMs for 
Rhizobiaceae microbes, like Sinorhizobium meliloti (Dicenzo et al., 
2016; Zhao et al., 2012), Rhizobium etli (Resendis-Antonio et al., 
2007), Sinorhizobium fredii (Contador et al., 2020), and Bradyrhizobium 
diazoefficiens (Yang et al., 2017), have been used for studies of nitro-
gen fixation, niche adaptation, growth, fitness, and other biological 
process. For some leguminous bacteria, multiple GSMMs have been 
developed (Resendis-Antonio et al., 2007, 2011).

A.  tumefaciens C58 is a model strain within the species whose 
genome was sequenced in the early 2000s (Goodner et al., 2001; 
Wood et al., 2001). In this study, based on genome annotation and 
biochemical data mining, the first GSMM for A.  tumefaciens C58 
was reconstructed using the Matlab platform and was validated 
with respect to growth phenotypes by qualitative and quantitative 
analyses. Moreover, omics data integration was performed for a sys-
tematic analysis of the pathogenicity of A. tumefaciens and its inter-
actions with plant hosts.

2  | RESULTS AND DISCUSSION

2.1 | Genome-scale metabolic model for 
A. tumefaciens

The GSMM iNX1344 for A. tumefaciens contained 1,106 metabolites 
and 1,441 biochemical reactions in the cytosolic and extracellular 
compartments (Data  S1). The 1,441 reactions were distributed in 
77 metabolic pathways, which were classified into nine metabolic 
subsystems, except for exchange reactions, transfer RNA (tRNA) 
charging, and biomass synthesis. As shown in Figure  1, transport 
subsystems included the largest number of genes, with 380 genes 
for 150 metabolites. Among these, 120 reactions belonged to aden-
osine 5'-triphosphate (ATP)-binding cassette transporters. Abundant 

F I G U R E  1   Genes, reactions, and gene-associated reactions for each metabolic subsystem of the model iNX1344. Total genes and total 
reactions denote the number of genes or reactions in each metabolic subsystem. Gene-associated reactions denote the number of reactions 
by annotating their encoding genes. The metabolic subsystems were based on KEGG pathway maps
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transporters in A. tumefaciens can facilitate the adaption of A. tume-
faciens to different environments, such as barren bulk soil and com-
plex tumour nodules. The subsystem of amino acids contained the 
largest number of reactions. A. tumefaciens could synthesize 20 kinds 
of amino acids de novo, and this result was validated by its growth 
on synthetic minimal medium. With respect to gene-associated reac-
tions, all the reactions in amino acid metabolism and energy metabo-
lism were associated with genes, and the ratio of gene-associated 
reactions in the nine metabolic subsystems was, on average, 97.1%. 
The high number of gene-associated reactions suggests that the 
iNX1344 model sufficiently annotated the A. tumefaciens genome.

Compared with GSMMs of closely related taxa within 
Rhizobiaceae, the model size for A. tumefaciens was similar to that of 
the iGD1575 model for S. meliloti (Dicenzo et al., 2016) and was much 
larger than that of the iOR450 model for R. etli (Resendis-Antonio 
et al., 2011). The open reading frame (ORF) coverages of iNX1344 
and iGD1757 were roughly 25% (Table 1). The ratios of gene-asso-
ciated reactions to total reactions, and the ratios of unique metab-
olites to total metabolites in iNX1344 were both 4% higher than 
those in iGD1757. For 251 genes in iNX1344, no homologous genes 
were found in the other two models; these genes participated in 309 
metabolic reactions. Fewer than one-third of the unique metabo-
lites (305) in iNX1344 were shared by the two models, reflecting the 
metabolic differences between the plant pathogen Agrobacterium 
and plant symbionts (Sinorhizobium and Rhizobium). A total of 164 
unique metabolites were found only in iNX1344, and they partici-
pated in 224 reactions. The overlapping nonhomologous genes and 
unique metabolites were involved in 105 reactions in 32 metabolic 
pathways (Table S1). Metabolic pathways with more than three re-
actions were listed here. They included 19 reactions involved in the 
biosynthesis of odd-carbon acids and cardiolipin (Aktas et al., 2014). 
Additionally, 25 transport and exchange reactions were related to 
the response to stress and uptake of nutrients in tumours. Nine re-
actions in pyrimidine metabolism contributed to the uracil degrada-
tion III pathway. Seven reactions in biotin metabolism were involved 
in biotin biosynthesis from 8-amino-7-oxononanoate (Feng et al., 

2013). Four reactions in pentose and glucuronate interconversions 
participated in pectate degradation (Park et al., 2003).

2.2 | Essential gene analysis

A total of 195 metabolic genes were predicted to be essential for cell 
growth on synthetic minimal medium (Table S2). They participated in 
287 biochemical reactions distributed in 49 metabolic pathways. For 
189 of 195 genes, homologous genes were detected in the Database 
of Essential Genes (DEG) (Luo et al., 2014) using identity >40% and 
E-value <10−5 as thresholds, and only six genes were not validated 
(Figure 2). The high proportion of homologous genes supported the 
accuracy of the iNX1344 model. Most of the essential genes partici-
pated in the metabolism of amino acids, lipids, cofactors, vitamins, 
and nucleotides, and relatively few essential genes were involved 
in carbohydrate metabolism in minimal medium (Xu et al., 2013). In 
addition, metabolic genes indispensable for tumour formation were 
simulated using the iNX1344 model. It is difficult to implement in 
vivo knockouts during nodulation, and in silico deletion is a comple-
mentary approach. A total of 189 metabolic genes were predicted to 
be essential for nodulation using the iNX1344 model. These genes 
were involved in two processes: biomass precursor synthesis and 
colonization of hosts. For 158 of the 189 genes, homologous genes 
were obtained in the DEG database, and these were mostly chromo-
somal housekeeping genes. Of the additional 31 genes, seven were 
validated using transposon mutants on tryptone yeast (TY) medium 
(Gonzalez-Mula et al., 2019). The other 24 genes without experi-
mental support were closely related to metabolic interactions with 
plants. For example, transporters (Atu4783-Atu4785, Atu6025-
Atu6028, Atu4620-Atu4621, Atu6138-Atu6143, and Atu4471) 
import nutrient resources (e.g., opine, sugars, and iron) from plant 
tumours. Some essential genes could improve conditions for survival 
in plant tumours, including the degradation of phenolics, like feru-
late, which impedes cell growth in tumours (Aznar et al., 2015), and 
the biosynthesis of exopolysaccharides, like 1,2-glucan, which resist 
environmental osmolarities (Binns & Thomashow, 1988). Analyses of 
essential genes in the nodulation stage clarify the genomic basis of 
interactions with host plants.

2.3 | The validation of model iNX1344

A total of 39 substrates were used to evaluate A.  tumefaciens cell 
growth. The simulation results were in complete agreement with 
the corresponding experimental results (Table S3) and data from the 
literature (Table 2). A. tumefaciens was able to grow on 30 organic 
carbon sources, including sugars, carboxylic acids, amino acids, alco-
hol, alkaloids, and some unassigned carbohydrates. The discrepancy 
between the in silico and in vivo growth occurred when arginine 
and ornithine were utilized as sole carbon sources, which may be 
caused by no expression of the genes (Atu3949, Atu4758, Atu6016) 
encoding ornithine cyclodeaminase. Capric acid and phenylacetic 

TA B L E  1   Comparison among metabolic models for 
Agrobacterium tumefaciens (iNX1344), Sinorhizobium meliloti 
(iGD1575), and Rhizobium etli (iOR450)

Model contents iNX1344 iGD1575 iOR450

Genes 1,344 1,575 450

Gene coverage (%) 25.1 25.3 7.5

Total reactions 1,441 1,825 405

Internal reactions 1,096 1,324 380

Transport reactions 179 233 11

Exchange reactions 166 268 13

Gene-associated reactions 1,237 1,479 402

Metabolites 1,106 1,307 377

Unique metabolites 942 1,061 364

Compartments c, e c, e c, e

c, cytosolic compartment; e, extracellular compartment.
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acid as the sole carbon source could not support growth owing to a 
deficiency of key enzymes in A. tumefaciens. The diversity of carbon 
sources was related to the extensive transport systems. A total of 
746 proteins encoded by the A. tumefaciens C58 genome were an-
notated with homologue sequences in the Transporter Classification 
Database (TCDB), and more than half of the proteins were in the 
iNX1344 model. A large number of transporters sustained efficient 
and steady access to nutritional sources. The utilization of some 
specific carbon sources, in addition to common sugars, organic 
acids, and amino acids, reflected the host plant interaction. For ex-
ample, A.  tumefaciens C58 could convert cellobiose to glucose via 
β-glucosidase (Atu4485), which might involve the biological degrada-
tion of cellulose (Goodner et al., 2001). γ-Aminobutyric acid (GABA), 
which accumulates at the highest concentrations in plant tumours 
(Gonzalez-Mula et al., 2019), was converted to succinate semialde-
hyde via GABA aminotransferase (Atu3300) in A. tumefaciens C58, 
providing a carbon source to the tricarboxylic acid cycle (TCA) cycle. 
Nopaline as an energy source was converted to arginine via nopaline 
dehydrogenase (Atu6015, Atu6017, Atu6019, and Atu6021).

The utilization of 11 nitrogen sources by A. tumefaciens C58 was 
predicted qualitatively by the iNX1344 model and flux balance anal-
ysis (FBA). Eight organic nitrogen compounds (glutamate, arginine, 
proline, ornithine, nopaline, glycine betaine, choline, and N-acetyl-
glucosamine) and three inorganic salts (NH3, nitrate, or nitrite) could 
support A. tumefaciens C58 growth as the sole nitrogen source. The 
existence of genes related to denitrification suggests that nitrate 
may act as an electron transfer acceptor for environmental adapt-
ability (Rossbach et al., 1987). Another sole nitrogen source, methyl-
amine, is used in different pathways in methylotrophic bacteria. In 
the nonmethylotroph A. tumefaciens C58, methylamine was metabo-
lized to formaldehyde and ammonium via methylglutamate synthase 
(Atu4227, Atu4228, and Atu4229) and methylglutamate dehydroge-
nase (Atu4224, Atu4223, and Atu4221).

In addition, to assess iNX1344 quantitatively, the specific growth 
rate was set as an objective function in the iNX1344 model under 
the constraints of 4.5  mmol⋅g−1 dry weight⋅hr−1 glucose uptake, 
based on previously reported estimates (Fuhrer et al., 2005). The 
distribution of carbon flux was compared with published data for 22 

central carbon metabolic reactions. In general, in silico fluxes were 
roughly equal to those reported in the literature (Figure  3). Three 
routes from glucose to pyruvate were annotated in A.  tumefaciens 
C58: the glycolysis pathway, pentose phosphate (PP) pathway, 
and Entner–Doudoroff (ED) pathway. Among the three pathways, 
substantial carbon flux through the ED pathway, less carbon flux 
through the PP pathway, and no flux through the glycolysis path-
way were observed. The slight discrepancy in small reactions could 
be explained by the complex model structure of iNX1344. The flux 
from citrate to α-ketoglutarate in the model iNX1344 was previously 
reported (Fuhrer et al., 2005) as only 7.2% carbon flux, which was 
diverted to the glyoxylate cycle. A 3.3-fold greater flux to oxaloace-
tate in the model iNX1344 was detected from pyruvate carboxylase 
compared to the literature data previously reported. Oxaloacetate 
was transferred to α-ketoglutarate and aspartate by aminotransfer-
ase in the iNX1344 model.

2.4 | In silico evaluation of A. tumefaciens metabolic 
characteristics under an environment shift

The metabolic shifts experienced by A. tumefaciens during the tran-
sition between bulk soil, the rhizosphere, and the nodule were mod-
elled using in silico representations of the nutritional composition of 
each environment. In the bulk soil and rhizosphere environments, 
the model was optimized for the production of biomass, whereas in 
the nodule environment the model was optimized for the process of 
nodulation. In total, 404, 407, and 430 reactions carried flux in the 
soil, rhizosphere, and nodule niches, respectively (Table S4). Among 
these active reactions, 251 reactions shared by all three environ-
ments, excluding 25 transport and exchange reactions, were assigned 
to the following metabolic subsystems: lipids (24.3%), amino acids 
(17.5%), nucleotide (14.3%), carbohydrates (13.5%), cofactors and 
vitamins (12.7%), and cell wall biosynthesis (7.6%). Furthermore, re-
actions carrying flux only in certain environments were investigated 
(Table S4). In bulk soil, 28 unique metabolic reactions were related 
to lysine biosynthesis, adenine and uridine-related metabolism, cys-
tathionine metabolism, and lauroyl-CoA elongation. Two reactions 

F I G U R E  2   Distribution of essential genes of Agrobacterium tumefaciens in nine metabolic subsystems. The pie chart represents the 
metabolic subsystem distribution of 287 metabolic reactions associated with 195 essential genes for growth on synthetic minimal medium. 
The table shows the gene names and functions of six invalidated essential genes on synthetic minimal medium
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catalysed by 3-phospho-d-glycerate dehydrogenase and pyridine 
nucleotide transhydrogenase regulate intracellular redox levels. In 
the rhizosphere, 25 unique metabolic reactions were involved in 
cysteine and methionine metabolism (such as serine catabolism and 
H2S-related reactions), arginine and proline metabolism (such as the 

oxidation-reduction of 1-pyrroline-4-hydroxy-2-carboxylate), and 
carbohydrate metabolism (such as the degradation of melibiose and 
stachyose). A greater number of reactions were active in tumours 
alone than in the other two environments. In addition to the 54 
transport and exchange reactions, 75 metabolic reactions covered 

TA B L E  2   Validation of growth phenotypes under various sole carbon and nitrogen sources for Agrobacterium tumefaciens

Substrate In silico growth In vivo growth Reference

Saccharides Glucose + + This study

Sucrose + + This study

Arabinose + + This study

Palatinose + + De Costa et al. (2003)

Maltose + + De Costa et al. (2003)

Ribose + + This study

Cellobiose + + Marasco et al. (1995)

Mannose + + Behura et al. (2015)

Carboxylic acid Succinate + + This study

Malic acid + + This study

Gluconate + + This study

Pyruvate + + This study

γ-Aminobutyric acid + + Gonzalez-Mula et al. (2019)

Hydroxybutyric acid + + Parke (2000)

Ferulate + + Baude et al. (2016)

Coumarate + + Baude et al. (2016)

Alginate + + Hirayama et al. (2016)

D-galacturonate + + Vetting et al. (2016)

Cyanuric acid + + Galíndez-Nájera et al. (2009)

Glucose−1-phosphate + + This study

Hydroxybenzoate + + Parke (2000)

Capric acid − − This study

Galactarate + + Groninger-Poe et al. (2014)

Phenylacetic acid - − This study

Amino acids Homoserine + + Vanderlinde et al. (2014)

Arginine + − This study

Glumate + + This study

Proline + + This study

Ornithine + − This study

Alkaloids Glycine betaine + + Boncompagni et al. (1999)

Choline + + Boncompagni et al. (1999)

Nopaline + + Parke (2000)

Alcohols Glycerol + + Ugalde et al. (2003)

Mannitol + + This study

Inorganic salts Nitrate + + This study

Nitrite + + This study

NH3 + + This study

Other N-acetyl-glucosamine + + Alippi et al. (2010)

Methylamine + + Chen et al. (2010)

Note: +, growth; −, no growth.
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the metabolism of cofactors and vitamins (28), carbohydrates (24), 
secondary metabolites (9), amino acids (6), nucleotides (5), and lipids 
(3). Specifically, the two main cofactor metabolic pathways observed 
were the biotin metabolic pathway for biotin biosynthesis, and the 
porphyrin and chlorophyll metabolic pathway for heme biosyn-
thesis. Carbohydrate metabolism specific to tumours included the 

conversion of inositol to acetyl-CoA and glyceraldehyde 3-phos-
phate in the inositol phosphate pathway, d-gluconate metabolism in 
the PP pathway, polysaccharide synthesis in the starch and sucrose 
metabolism pathway, and some metabolic reactions of galactarate, 
galacturonate, glucarate, glycerol, and formaldehyde. In particular, 
secondary metabolic pathways were uniquely active in tumours, 

F I G U R E  3   Comparison of central 
metabolic flux distributions between 
the model predictions and the published 
data. Values in black are the flux from 
the literature; values in red are the flux 
from the model iNX1344. “−” represents 
no associated value in the literature. 
Estimated fluxes in the iNX1344 and the 
literature are expressed in mmol·g −1 dry 
weight·hr−1

F I G U R E  4   Correlations of the reaction flux and fitness effect in the model iNX1344 between bulk soil, the rhizosphere, and the nodule. 
Four scatter plots showing the flux correlations or the fitness correlations under the nodule/rhizobium and rhizobium/soil conditions are 
shown. Among these, flux correlations of the reactions were converted to a base-10 logarithm of the absolute value, excluding the zero-flux 
reactions. Blue dotted lines are the trend lines
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such as those involved in the metabolism of opines, vanillin, ferulate, 
and quinate. The low proportion of unique amino acid, nucleotide, 
and lipid metabolism pathways might reflect abundant nutrients in 
the tumour environment. In addition to common intermediate me-
tabolites of central metabolic pathways and amino acids, some sec-
ondary metabolites (opines, ferulate, spermidine, and quinate), iron, 
inositol, and hypoxanthine were also predicted to be exchangeable 
from the tumour environment.

To investigate metabolic shifts from one lifestyle to another, 
the cellular metabolism of A.  tumefaciens was compared between 
the soil and rhizosphere environments. As shown in Figure  4, the 
reaction flux in both conditions was correlated (p < .01, Spearman's 
correlation coefficient =  .78). Similarly, fitness in the two environ-
ments was highly correlated (p <  .01, Spearman's correlation co-
efficient =  .93). The metabolic network was globally similar in bulk 
soil and the rhizosphere. A total of 169 reactions were considerably 
different (Table S5). In particular, 78 reactions were active in only 
one environment with no flux in the other. The flux difference be-
tween the two conditions was >50% for 80 reactions and another 
11 reversible reactions changed direction. Of 169 reactions, 59 were 
supported by fitness data. The flux values for 62 reactions in the rhi-
zosphere were outside of the flux variability analysis (FVA) range in 
soil, whereas rhizosphere values for the additional 48 reactions were 
within the FVA range in soil. By setting the rhizosphere values to the 
constraints of the 48 reactions, cell growth was individually simu-
lated in soil. Flux through at least one other reaction shifted to out-
side the rhizosphere FVA range to sustain growth rates in bulk soil. 
Among the 169 reactions occurring in the rhizobium/soil niches, 61 
reactions were activated or showed more than 50% increased flux in 
the rhizosphere. These mainly included 22 transport and exchange 
reactions, 16 reactions in carbohydrate metabolism, and 16 reac-
tions in amino acid metabolism. Some sugars and amino acids, such 
as sucrose, raffinose, stachyose, rhamnose, serine, glutamate, lysine, 
and aspartate, were exported from the rhizosphere. With respect to 
carbohydrate metabolism, glyoxylate cycle and galactose metabo-
lism were activated in the rhizosphere. With respect to amino acid 
metabolism, the conversion from serine or cysteine into pyruvate, 
and the flux into glucuronate metabolism from proline were found 
in the rhizosphere.

The metabolic shift from the rhizosphere to nodule environ-
ments was also modelled. As shown in Figure  4, the correlation 
coefficients for the relationships between both reaction flux and 
reaction deletion fitness in the rhizosphere and nodule were approx-
imately .50 (p < .01, Spearman). The moderate correlation indicated 
that substantial metabolic changes occurred in the rhizosphere to 
nodule transition. There were 407 and 430 reactions with flux in 
the rhizosphere and nodule environments, respectively. Among 441 
reactions with significant changes, 289 were active in only one envi-
ronment, 137 showed at least 50% changes in flux between the two 
environments, while 17 switched directions (Table S6). Of 441 reac-
tions, 110 were supported by fitness data. The flux values for 230 
reactions in the nodule were outside of the FVA range for the reac-
tion in the rhizosphere. The remaining 101 reactions were validated 

by a constraint-based analysis following the same procedure used 
for the soil to rhizosphere transition.

Generally, nearly 5-fold reactions in various metabolic path-
ways, including the TCA cycle; glycine, serine, and threonine me-
tabolism; biotin metabolism; and fatty acid biosynthesis, showed 
increased flux (>50%) in the nodule compared to that in the rhizo-
sphere, suggesting that cellular metabolism in the nodule was more 
intense. In carbohydrate subsystems, stronger central carbon me-
tabolism generates more ATP. When A. tumefaciens utilized fructose 
as the main carbon source, the glycolysis pathway became active. 
Greater carbon flow via the PP pathway and glyoxylate cycle was 
observed in the rhizosphere, accompanied by the uptake of glucose 
(Shih et al., 2018). Additionally, ascorbate and aldarate metabolism 
activation was detected in the nodule environment for the degra-
dation of glucarate, galactarate, and galacturonate. Galactose me-
tabolism observed in the rhizosphere participated in the utilization 
of stachyose and melibiose, which confers a competitive advantage 
in this environment (Meyer et al., 2018). Among amino acid subsys-
tems, arginine and proline metabolism showed a change in metabolic 
importance in tumour nodules (Haudecoeur et al., 2009). The urea 
cycle and arginine degradation (from arginine to GABA) were ac-
tive, and the accumulation of proline might have a protective effect 
under stress. Among cofactor subsystems, strengthened porphyrin 
and chlorophyll metabolism in nodules would affect the coloniza-
tion of A. tumefaciens by regulating heme and Fe–S concentrations 
(Hibbing & Fuqua, 2011). Several subsystems were uniquely changed 
in nodules, including some secondary metabolic processes (vanillin, 
3-oxoadipate, ferulate, γ-hydroxybutyrate, and opine) and energy 
subsystems (formate dehydrogenase in methane metabolism, gluta-
thione synthesis in glutathione metabolism, nitrite oxidoreductase, 
and carbonate dehydratase in nitrogen metabolism).

2.5 | Transcriptome-based modelling of the 
metabolic capacity of A. tumefaciens in tumours

To understand A. tumefaciens behaviour during plant infection, A. tu-
mefaciens gene expression was studied in Arabidopsis thaliana tumours 
or with enrichment for three compounds (opines, γ-aminobutyric 
acid, and γ-hydroxybutyric acid) in tumours. RNA-Seq data reveal 
transcript abundances of metabolic genes; however, cell metabolism 
is not a static set of reactions and pathways but adapts to different 
environments to allow for the uptake of metabolites or the produc-
tion of required compounds (Rodenburg et al., 2019). An integrative 
analysis of transcriptome data and the iNX1344 model showed that 
differentially expressed genes were enriched in various biological 
processes, including central carbon metabolism, alternative carbon 
metabolism, various amino acid metabolism, porphyrin and chloro-
phyll metabolism, and lipopolysaccharide biosynthesis.

We focused on changes in carbon and nitrogen metabolism 
(Figure 5). ATP was an up-regulated metabolite, reflecting abundant 
energy production and conversion in A. tumefaciens. To prosper in plant 
tumours, A. tumefaciens needs to cope with drought and oxidative and 
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hypoxic stress, and the absorption of diverse nutrient resources from 
plant tumours is dependent on ATP-binding cassette transporters. In 
central carbon metabolism, glycolysis was identified as a down-regu-
lated pathway. 2-Dehydro-3-deoxy-6P-gluconate was identified as an 
up-regulated reporter metabolite, located at the node linking the ED 
pathway and glycolysis pathway. The ED pathway, as the main route 
for sugar degradation and entry to the TCA cycle, was more important 
than the glycolysis pathway in the nodule environment (Fuhrer et al., 
2005). 5-phospho-α-D-ribose 1-diphosphate (PRPP), a downstream 
metabolite of the PP pathway, and xylose, a precursor of xylulose 
5-phosphate, were both down-regulated, indicating a reduced carbon 
flux into the PP pathway. In addition, carbohydrates, including rham-
nose, glycerol-3-phosphate, ethanol, glycerol, succinyl-CoA, and pro-
panoyl-CoA, were identified as reporter metabolites, reflecting the 
diversification of carbon metabolism in plant tumours.

Seven kinds of amino acids were identified as reporter metab-
olites, including up-regulated (histidine, valine, leucine, and isoleu-
cine) and down-regulated (glutamate and cysteine) amino acids. In 
the up-regulated urea cycle, arginine was metabolized into urea and 
ornithine by arginases, which was increased in host-colonizing A. tu-
mefaciens. Proline and spermidine were significantly up-regulated 
metabolites in A.  tumefaciens and were enriched in plant tumours. 
The addition of exogenous spermidine enhances biofilm formation 
(Wang et al., 2016). The increased spermidine in A.  tumefaciens 
could facilitate attachment to the plant root. The accumulation of 

proline as an osmoprotectant might be related to stress resistance 
in plant tumours. Both cytosolic and extracellular agrocinopine, as 
reporter metabolites, were highly degraded in the nodule environ-
ment. Agrocinopine metabolized into arabinose-2-phosphate could 
stimulate quorum-sensing and T-DNA transfer in A. tumefaciens (El 
Sahili et al., 2015). Five compounds involved in cysteine and me-
thionine metabolism and thioredoxin disulphide were identified 
as down-regulated reporter metabolites, and sulphur metabolism 
was identified as a reporter metabolic pathway. The down-regula-
tion of sulphur-containing amino acids would affect the cytosolic 
redox state. For example, decreased thioredoxin might be related 
to the maintenance of intracellular homeostasis in oxidative stress 
(Vattanaviboon et al., 2007).

The interaction of A. tumefaciens with host plants involves multi-
ple processes of motility, biological adaptation, and T-DNA transfer 
to the host. After A. tumefaciens senses the secretions and moves to 
wound sites via chemotaxic systems, ensuring the survival becomes 
the basis of its interaction with host plants. Essential gene analysis 
predicted 189 metabolic genes to be indispensable for both biomass 
precursor synthesis and colonization of hosts. Considering that A. tu-
mefaciens is the known plant pathogen of crown gall disease, these 
essential genes also provide potential antimicrobial targets (Koduru 
et al., 2020). To adapt to its host plants, A. tumefaciens attempts to set-
tle in and reconstruct otherwise inhabitable niches. Previous studies 
have focused on the use of opines for this process (Lang et al., 2014, 

F I G U R E  5   Significantly changed metabolites and pathways of Agrobacterium tumefaciens in plant tumours. Red circles and green circles 
represent the up-regulated and down-regulated reporter metabolites. Red backgrounds and green backgrounds represent the up-regulated 
and down-regulated reporter pathways. Metabolic pathways are shown in dotted rounded rectangles. A small black arrow represents one 
reaction, and a large grey arrow represents more than three steps connecting two metabolites or between one metabolite and one pathway. 
GLC, l-glucose; PYR, pyruvate, AKG, α-ketoglutaric acid; ORN, l-ornithine; ARG, l-arginine; SAM, S-adenosyl-l-methionine; VAL, valine; LEU, 
leucine; ILE, isoleucine; [e], extracellular compartment
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2017; Marty et al., 2016), which was also identified as one of the re-
porter metabolites in the model iNX1344. In addition to opines, our 
study expands the nutrient exploitation and intracellular metabolic 
response to these substances for host adaptation. A total of 47 ac-
tive exchange reactions in the host tumour were identified, which was 
more than those identified in the soil (29) and in the rhizosphere (33). 
Overall, 25 nutrient types were found to be exchanged in both the 
soil and rhizosphere environments. However, the overlap of active ex-
change reactions in the host tumour included only 12 reactions with 
the soil and 16 reactions with the rhizosphere. Active exchange reac-
tions in the host tumour cover the saccharides (4), alkaloids (2), amino 
acids (13), carboxylic acids (16), alcohols (3), hypoxanthine, inorganic 
salts, and metal ions (8). The diversity of active substance exchange 
with the host sustains the adaptive advantage of A. tumefaciens. With 
respect to the molecular mechanism of infection, A. tumefaciens trans-
fers its T-DNA and related vir genes into host plants; 3-oxo-octona-
noylhomoserine lactone, opines, and γ-aminobutyric acid act as direct 
or indirect quorum-sensing signals to regulate the horizontal transfer 
of the Ti plasmid (Lang & Faure, 2014). Using the model iNX1344, a 
significant metabolic response to the signals was analysed under tran-
scriptome constraints. For example, the urea cycle of A. tumefaciens 
was identified to be significantly up-regulated, which indicated that 
adding certain intermediates or increasing the expression levels of 
some genes in the urea cycle could be potential targets for the in-
fection process. Thus, the model iNX1344 provides a useful tool to 
understand the interspecific interactions between A. tumefaciens and 
tumours from the levels of genes, metabolites, and pathways.

In conclusion, a well-established GSMM for A.  tumefaciens, in-
cluding 1,344 genes, 1,441 reactions, and 1,106 metabolites, agreed 
with the corresponding growth phenotypes. Using this model, A. tu-
mefaciens was modelled under the bulk soil, rhizosphere, and nod-
ule environments and the metabolic differences were compared 
between the three lifestyles. Furthermore, the significant metabolic 
response of A. tumefaciens in the tumour was predicted by integrat-
ing transcriptomic data. The model iNX1344 is expected to serve as 
a useful research tool for exploring key functions in interspecific in-
teractions by integrating GSMMs of different plant tissues. The pre-
diction capacity of a microbial GSMM is important to simulate both 
the physiology and metabolism, which are in turn determined by the 
background of target microorganisms (Yilmaz & Walhout, 2017). 
Gene function in most studied microorganisms tends to be compar-
atively comprehensively annotated. More types of constraints used 
in modelling could improve the prediction accuracy. Some common 
constraints include metabolite exchange and gene on/off switching 
at certain nodes. Some advanced constraints should be integrated 
into GSMMs, including omics data, thermodynamics, and enzyme 
kinetic parameters (O'Brien et al., 2015; Xu et al., 2018). Moreover, 
model predictions should be related to the biomass equation. Unlike 
universal biomass components used in automated construction, the 
biomass equation of the model iNX1344 covers all compounds that 
comprise species- or even strain-specific biomass. Although the total 
contents of proteins, nucleic acids, and lipids of the model iNX1344 
referred to the related species Zymomonas mobilis (Widiastuti et al., 

2011), the model iNX1344 could reflect the cellular metabolism of 
A.  tumefaciens, especially for gene essentiality and growth pheno-
types (Cankorur-Cetinkaya et al., 2017). The biomass of microbial 
cells also varies with experimental and genetic conditions. Hence, 
context-dependent biomass composition could improve predictive 
capabilities in the further development of GSMMs.

3  | E XPERIMENTAL PROCEDURES

3.1 | Model reconstruction

A GSMM of A. tumefaciens C58 was generated by three main steps: draft 
model construction, gap filling, and simulating cell growth. The draft 
model of A. tumefaciens C58 was obtained by combining automated 
and manual construction methods. The chromosome and plasmid se-
quences were annotated using the Rapid Annotation using Subsystem 
Technology (RAST) server, and the RAST annotations were used for 
automated construction using Model SEED. The genome sequences 
of S. meliloti, R. etli, and Escherichia coli were compared with those of 
A.  tumefaciens by a local sequence similarity search (Altschul et al., 
1990) (BLASTp). The BLASTp results with both an E-value of ≤10−5 and 
identity ≥40% (Tian & Skolnick, 2003) were considered homologues. 
The gene–protein–reaction relationships were established by integrat-
ing the results of the two procedures. Cytoplasmic and extracellular 
compartments were considered for the draft model of A. tumefaciens 
C58. Transport reactions were measured by comparing A. tumefaciens 
C58 protein sequences with the transporter classification database 
(TCDB) (Saier et al., 2006). The draft model had a number of metabolic 
gaps that were identified using gapAnalysis. Some gaps were filled by 
adding reactions and genes from physiological and metabolic studies 
of A. tumefaciens C58, some gaps were filled using BLASTp with rel-
evant protein sequences in UniProtKB/SwissProt (Boutet et al., 2007). 
Gap filling was an iterative process until the nonexistence of gaps that 
blocked biomass precursor formation. The mass-balanced and charge-
balanced reactions were converted into a stoichiometric matrix S 
(m × n), where m and n were the numbers of metabolites and reactions, 
respectively. The in silico cell growth was debugged and compared 
with experimental data and previously published data. Simulations 
were performed using the COBRA Toolbox (Heirendt et al., 2019) by 
the GUROBI mathematical optimization solver (Gurobi Optimization, 
2014) on the MATLAB interface.

3.2 | Biomass composition

Similar to the biomass of S. meliloti (Dicenzo et al., 2016), the macromo-
lecular composition of A. tumefaciens has not been reported. A. tume-
faciens biomass contained proteins (60.5%), DNA (2.7%), RNA (19.5%), 
lipids (8.5%), glycogen (1.5%), peptidoglycan (3%), lipopolysaccharides 
(3%), and cofactors (1.3%), determined with reference to near-relative 
microorganisms (Dicenzo et al., 2016; Widiastuti et al., 2011). The 
compositions of nucleotides and amino acids were calculated from 
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genome sequence information for A.  tumefaciens C58. Contents of 
free fatty acids and lipids (Geske et al., 2013), glycogen (Zevenhuizen, 
1971), and lipopolysaccharides (Manasse & Corpe, 1967) were ob-
tained from the literature. Details are provided in Table S7.

3.3 | Objective function

An appropriate objective function could accurately reflect metabolic 
processes using GSMMs (Schuetz et al., 2007). Biomass formation 
is the most common objective function when simulating cell growth 
under synthetic medium and analogous bulk soil or rhizosphere en-
vironments. The pathogenic lifestyle involves survival inside a host 
and interactions with the host. A suitable objective function was 
proposed to mimic the nodulation stage, including eight compounds 
(β-1,2-glucan, cellulose, 5-dehydro-4-deoxy-d-glucarate, nopaline, 
arabinose-phosphate, γ-hydroxybutyrate, catalase, and 3,4-dihy-
droxybenzoate). The objective function was developed as follows: 
The biosynthesis of β-1,2-glucan and cellulose in A.  tumefaciens is 
important for early attachment to plant cells (Cangelosi et al., 1989; 
Tomlinson & Fuqua, 2009). 5-Dehydro-4-deoxy-d-glucarate is a 
degradation product of pectin; the pectin network in targeted cell 
walls is collapsed so that bacterial T-DNA or proteins easily enter the 
host plant (Goodner et al., 2001). The T-DNA region causes plants to 
develop galls, which excrete opines that are used as nutrients used 
by A. tumefaciens. γ-Hydroxybutyrate is a metabolic intermediate of 
γ-butyrolactone, which was assimilated to partially balance the costs 
of replication and T-DNA transfer (Carlier et al., 2004). A.  tumefa-
ciens also needs to respond to the stress induced by plant defence 
mechanisms, including the accumulation of H2O2 (Torres et al., 2006) 
and trans-ferulate phenolics (Vellosillo et al., 2010). Generally, the 
metabolism of the eight compounds in the objective function is rep-
resentative of the typical infection process.

3.4 | Cell growth test

A.  tumefaciens C58 growth was evaluated using Agrobacterium (AB) 
minimal medium, which contained 50  ml of 20  ×  AB salts per litre 
(MgSO4.7H2O 6 g, KCl 3 g, CaCl2 0.2 g, FeSO4.7H2O 50 mg) and 50 ml 
of 20 × AB buffer per litre (K2HPO4 60 g, KH2PO4 20 g). The pH of AB 
buffer was adjusted to 7.0 using KOH or H3PO4. Carbon sources in-
cluded sucrose, glucose, ribose, arabinose, pyruvate, succinate, malate, 
potassium gluconate, capric acid, phenylacetic acid, mannitol, arginine, 
glutamate, proline, and ornithine. Nitrogen sources included nitrate, 
nitrite, NH4Cl, arginine, glutamate, proline, and ornithine. All carbo-
hydrates or nitrogenous compounds were set to an equal carbon or 
nitrogen concentration. The molar masses of the individual carbon and 
nitrogen sources were the same as those of 5 g of sucrose and 1 g of 
NH4Cl, respectively. A. tumefaciens C58 from an agar slant was inocu-
lated in 20 ml MG/L medium (10 g mannitol, 2.32 g sodium glutamate, 
0.5 g KH2PO4, 0.2 g NaCl, 0.2 g MgSO4.7H2O, 2 mg biotin, 500 ml LB, 

per L, pH 7) and the inoculum was incubated at 28 °C for 12 hr on a 
shaker at 200 rpm. After the incubation period, 2 ml of the culture was 
washed twice using AB buffer and inoculated into 25 ml of synthetic 
minimal medium with the sole carbon and nitrogen source in 250-ml 
flasks. The flask culture was grown for 36 hr and then cell growth was 
evaluated using optical density (OD600).

3.5 | Model simulation and analysis

Under a pseudosteady-state, an FBA (Orth et al., 2010) seeks to op-
timize an objective function or to identify the best flux distribution 
subjected to an optimized objective function. FBA was used to evalu-
ate cell growth by solving a linear programming problem constrained 
by changing the exchange reaction rates based on the literature or 
experimental data. A flux variability analysis (Gudmundsson & Thiele, 
2010) could be used to calculate the range of flux for each reaction 
while still maintaining optimal flux through the objective function.

Essential genes and reactions were analysed using the sin-
gleGeneDeletion and singleRxnDeletion functions. If the deletion of 
a gene and reaction inhibits growth, they are defined as essential. 
The constraint data, used for simulating metabolic characteristics 
with an environment shift, included the uptake rates of nutrients 
under the three environmental conditions. The lower bounds of 
nutrients are provided in Table S8. Fitness was defined as the flux 
through the objective function in the deletion mutants relative to 
that in the wild type.

Transcriptome data (GSE10​6257 and GSE12​1889) for A.  tu-
mefaciens C58 related to plant tumours was download from Gene 
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) and anal-
ysed using the piano library in the R language (Väremo et al., 2013). 
Furthermore, if an identified reporter pathway or reporter metabo-
lite with a value of p < .05 was found in more than two sets in the 
transcriptome analysis, it was identified as a significantly changed 
metabolite and pathway.
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