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Abstract The soil bacterium Sinorhizobium meliloti
forms nodules on the roots of leguminous plants, where N,
is reduced to ammonia. Its genome includes a 3.65 Mb
chromosome, a 1.35 Mb pSymA megaplasmid, and a
1.68 Mb pSymB chromid. pSymA and pSymB constitute
~45 % of the genome and here a non-targeted approach
was used to identify the metabolic consequences of the
removal of these replicons. Polar and non-polar metabolites
from wild-type, ApSymA, ApSymB, and ApSymAB cells
and supernatants across a growth curve were analyzed by
LC-HILIC-TOF-MS. 2008 metabolite features were
identified in the extracellular metabolome of cells grown in
LBmc containing yeast extract and casein hydrolysate.
1474 features were found from the intracellular metabolites
of cells grown in minimal M9-sucrose medium. Analysis
revealed both time and genotype influenced the metabo-
lome, with the removal of pSymB having a much greater
effect than the loss of pSymA. Strains lacking pSymB
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showed an increase in sugar, amino acid, and nucleotide
metabolites in the intracellular metabolome, and the loss of
pSymB clearly impaired the cell’s ability to catabolize
exogenous amino acids. We conclude that despite the
ability of wild-type, ApSymA, ApSymB, and ApSymAB
strains to grow in both M9-sucrose and LBmc media, the
removal of pSymA, and particularly pSymB, had clear and
dramatic effects on the S. meliloti metabolome. The larger
effect associated with the pSymB chromid is consistent
with the large number of metabolic genes on this replicon
and the greater genetic and metabolic integration of this
replicon with the S. meliloti chromosome.
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1 Introduction

Historically, bacteria were thought to have the majority of
their DNA present on a single, circular chromosome
(Krawiec and Riley 1990). However, in recent years it has
become evident that this simplistic view is not generally
applicable. A minority of bacteria are said to contain a
multipartite genome, where the genome is divided into
multiple large pieces, known as replicons (Harrison et al.
2010). This type of genome organization is present in a
number of organisms of societal consequence, including
plant symbionts (e.g. Rhizobium and Sinorhizobium), plant
pathogens (e.g. Agrobacterium), and animal and human
pathogens (e.g. Vibrio, Burkholderia, and Brucella) (Har-
rison et al. 2010). By gaining an understanding of the
evolution and functional significance of the multipartite
genome, we hope to gain generalizable insight into the
biology of these organisms.
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The Gram-negative o-proteobacterium Sinorhizobium
meliloti has a multipartite genome and this organism enters into
a N,-fixing endosymbiotic relationship with several legumes
(Galibert et al. 2001). This agriculturally important process
provides the legume host with a source of nitrogen, allowing
the plant to grow in nitrogen poor soils. The genome of the
model strain Rm1021 (Rm2011) includes a 3.65 megabase
(Mb) chromosome, a 1.68 Mb chromid (pSymB), and a
1.35 Mb megaplasmid (pSymA) (Galibert et al. 2001; Sallet
et al. 2013). Due in part to the ease with which it can be grown
and genetically manipulated, S. meliloti has become a model
organism for the study of many topics, including N,-fixing
symbiosis, carbon metabolism, and the evolution and function
of the bacterial multipartite genome (Finan et al. 2002;
Galardini et al. 2013; Geddes and Oresnik 2014). Recently, a S.
meliloti Rm2011 derivative was reported that completely lacks
the pSymA and pSymB replicons, a 45 % reduction of the
genome (diCenzo et al. 2014). This strain presents an oppor-
tunity to employ novel experimental approaches to study the
role of the bacterial multipartite genome.

Metabolomics as an approach to study the biology of S.
meliloti is well established. Studies have effectively used
metabolic profiling to examine how the metabolome of S.
meliloti is influenced by several factors, including carbon
source, specific growth rate, and amino acid auxotrophy
(Barsch et al. 2004; Keum et al. 2008; Ong and Lin 2003).
In addition to the study of free-living S. meliloti, metabolic
analysis has been employed in the characterization of the S.
meliloti—legume symbiosis (Barsch et al. 2006; Gemper-
line et al. 2015; Ye et al. 2013), and in silico analysis has
been used to model the metabolism of S. meliloti during
symbiosis (Zhao et al. 2012). However, to date, the relative
contribution of the pSymA and pSymB replicons to the
metabolism of S. meliloti has not been examined.

Here, we performed a metabolic analysis of the endo- and
exo-metabolome of S. meliloti using HILIC-TOF-MS. The
primary objective of this work was to examine how, if at all,
pSymA and pSymB have been integrated into the metabo-
lism of S. meliloti, which in turn will provide insight into the
biology of S. meliloti, and general knowledge of the func-
tional significance of secondary replicons in bacterial gen-
omes. As a secondary objective, we wished to establish
HILIC-TOF-MS as a suitable technique for monitoring the
metabolic capacity and metabolic preferences of a bacterial
population grown in a nutritionally complex environment.

2 Materials and methods
2.1 Chemicals

HPLC grade methanol (MeOH), ethanol (EtOH), acetonitrile
(ACN), chloroform, water and formic acid used for bacterial
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extraction and LC-MS analyses were purchased from Cale-
don Laboratories (Georgetown, ON, Canada). Ammonium
acetate was purchased from Fisher Scientific Company
(Fairlawn, NJ, USA). L-methionine-d; (98 %), L-tryptophan-
ds (98 %), L-phenylalanine-dg (98 %), diphenylalanine (phe—
phe), and glycine-phenylalanine (gly-phe) were purchased
from Cambridge Isotope Laboratories (Landover, MA, USA)
for recovery determination (RS) and peak intensity normal-
ization (IS).

2.2 Media, strains, and growth conditions

LBmc (per litre: 10 g Bacto tryptone, 5 g Bacto yeast
extract, 5 g NaCl, 2.5 mM MgSOy, 2.5 mM CaCl,, 2 uM
CoCl,) was used as the complex medium, and M9 (41 mM
Na,HPO,, 22 mM KH,PO,, 8.6 mM NaCl, 18.7 mM
NH4CI, 4.1 uM biotin, 42 nM CoCl,, 1 mM MgSO,,
0.25 mM CaCl,, 38 uM FeCls, 5 pM thiamine-HCI, and
10 mM sucrose) was used as the minimal medium. The
four S. meliloti strains used in this study were described
elsewhere (diCenzo et al. 2014; Oresnik et al. 2000). These
included the wild-type Rm2011 (SU47 str-3), and Rm2011
derivatives lacking pSymA (termed SmAS818, or
ApSymA), pSymB (termed RmP3009, or ApSymB), or
both (termed RmP2917, or ApSymAB). Strains with
pSymA or pSymB removed lack all genes on these repli-
cons, with the exception of the tRNA*¢ and the smb20996-
engA operon which were integrated into the chromosome
as the tRNA and engA are essential (diCenzo et al. 2013).

Strains were grown to early stationary phase in 5 mL of
M9 or LBmc at 30 °C. The equivalent of 3.0 ODgq units
per culture were pelleted, washed once with fresh media
(M9 or LBmc as appropriate) and resuspended in 1 mL of
fresh media. Cultures were diluted in 40 mL to an ODggq of
0.05 in the same medium. 5 mL was aliquoted into seven
test tubes per sample and grown at 30 °C; cells were har-
vested from six of the test tubes, and growth of the cultures
was monitored using the seventh tube.

2.3 Sample collection and extraction

For intracellular metabolic analyses, samples cultured in M9
were collected in sextuple at ODg( values of approximately
0.3, 0.5, 0.9, 1.6, and 3.5 (except for Rm2011 which
reached ~4.8). Sample sizes of 1000, 600, 300, 176, and
100 pL were taken at each time point, respectively, such that
ca. 6 x 10% cells were collected in each sample. These
samples are referred to as M1-5 with M1-4 representing
exponential phase, and M5 referencing to stationary phase
(Fig. 1a). Cells were pelleted by centrifugation at 4 °C,
washed once with saline (0.85 % NaCl), pelleted, and the
supernatant carefully removed. Pellets were resuspended
and lysed in 2:2:1 MeOH/EtOH/H,0, dried under nitrogen,
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and resolubilized in 60 % ACN with IS (Fei et al. 2014)
within a week of sample harvesting, with the samples stored
at -80 °C between extraction steps. Extracted sample were
stored at -80 °C until LCMS analysis, which was completed
within one month.

For analysis of the extracellular metabolome, 200 pL of
culture grown in LBmc was collected in sextuple at mid-
exponential growth (L1), early stationary phase (L2), and
late stationary phase (L3) (Fig. 1b). Cells were pelleted by
centrifugation at 4 °C, and 20 pL of the supernatant was
transferred to a new tube and stored at —80 °C. Within a
week, samples were diluted ten-fold in 1:1 MeOH/EtOH
containing IS and RS, and stored at -80 °C until LCMS
analyses, which was completed within 2 months. Sextuple
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Fig. 1 Growth curves of S. meliloti wild-type, ApSymA, ApSymB
and ApSymAB strains in a M9 minimal medium containing 10 mM
sucrose and b LBmc medium. The small solid circles represent ODgqg
readings from a fixed sample of each strain throughout the entire
growth curve. Samples were removed from culture tubes throughout
growth and prepared for metabolomic analysis. The large solid circles
with a black border indicate the average ODggo readings of the
quintuplicate or sextuplicate samples collected for intracellular and
extracellular metabolomic analyses. Black wild type; blue ApSymA;
green ApSymB; orange ApSymAB (Color figure online)

samples of uninoculated LBmc medium were also col-
lected at O (L1LB) and 45 h (L3LB) of incubation at 30 °C
as experimental controls.

Two independent sets of pooled samples for both the
intracellular and extracellular metabolome were prepared
by combining 5 pL of all corresponding samples.

2.4 HILIC-TOF-MS analyses

The intracellular and extracellular extracts were analyzed
in two separate batches using an Agilent Technologies
1200 RR Series II liquid chromatograph (LC) coupled to a
Bruker MicrOTOF II Mass Spectrometer (Fei et al. 2014).
An injection of 2 puLL was separated on a 50 mm x 2.1 mm
Kinetic 2.6 pum HILIC column of pore size of 100 A
(Phenomenex, CA, USA). The mobile phases were HPLC
grade acetonitrile (A) and 10 mM ammonium acetate in
HPLC grade water adjusted to pH 3 with formic acid (B) at
a flow rate of 200 pL/min. The column temperature was
maintained at 40 °C, and the auto sampler storage tray was
set at 4 °C. The mobile phase gradient eluted isocratically
with 95 % ACN for 0.5 min followed by a gradient to
35 % ACN over 12 min. The gradient system was main-
tained at 35 % ACN for 0.5 min and returned to 95 %
ACN over 1 min. The gradient was then followed by a
10 min re-equilibration phase prior to the next injection.
The total time for the HILIC gradient was 24 min for both
ESI+4 and ESI— modes. Injections operating in the positive
ionization mode or the negative ionization mode were
performed in separate runs. The MS settings were identical
to those previously described (Fei et al. 2014).

Pooled samples were injected seven times at the
beginning of the analyses to condition the column, and
again after every five samples. A total of 31 and 26 pooled
samples were run for intra- and extracellular samples,
respectively. A methanol blank and a standard mixture
containing all IS and RS were also run for every 10 sam-
ples. A total of 82 extracellular extracts and 115 intracel-
lular extracts were run in random order once but in both
ESI- and ESI + modes.

2.5 Data processing and metabolite identification

For the data processing and analyses (Fei et al. 2014), the LC—
MS data files were converted to the .mzXML format using
Bruker CompassXport following internal calibration with
intracellular sodium formate cluster ions using Bruker’s
DataAnalysis 4.0 SP4. The metabolic features were extracted
and aligned using open source XCMS with centWave algo-
rithm (Smith et al. 2006); adducts, isotopic ions, and in-source
fragments were identified using CAMERA (Kuhl et al. 2012).

Metabolite features with an apparent retention factor
Kapp lower than 0.7 were removed as well as isotopic ions,
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features corresponding to IS, RS, and sodium formate
clusters. For the extracellular metabolome, the region of
retention from 7.0 to 7.8 min were excluded from the data
matrix due to ion suppression. The peak areas of intracel-
lular metabolite features were normalized to IS and ODg;
the peak areas of all extracellular metabolic features were
only normalized to IS. Features with greater than 20 %
variance in the pooled sample were removed to obtain the
final metabolite feature list (Dunn et al. 2011).

Metabolite features were identified by matching the m/z
and retention value to those of the available authentic
standards or matches to MS/MS fragment pattern on Metlin
(Smith et al. 2005). The MS/MS was performed on a
ThermoScientific Dionex Ultimate 3000 rapid separation
LC coupled to Bruker maXis 4G QTOF MS using a
modified LC-HILIC-MS method, and detailed procedures
can be found in Online Resource 1.

2.6 Statistical analyses

Both intracellular and extracellular metabolic data were
analyzed using Umetrics SIMCA-P+ 12 software (Umea,
Sweden). Pareto scaling was applied prior to principal
component analysis (PCA) and to orthogonal partial least-
squares discriminative analysis (OPLS-DA). OPLS-DA
was used to differentiate metabolite profiles between dif-
ferent strains and growth phases. The model validation
parameters R?X, R?Y, and Q* were used to assess the fit-
ness of the model. R*X (RZY) indicated the fraction of the
metabolite features (X) and treatment (Y) matrix that was
explained by the model. A prediction statistic (Q?) above
0.4 was indicative of a robust model, i.e. true differences
between the comparing groups, and Q* between 0.7 and 1.0
indicated the model was highly robust (Jonas et al. 2008).
Both R? and Q? followed an upward trend from O to 1. For
an over fit model, R? approached 1, and Q? fell towards 0.

Between subjects two-way ANOVA and hierarchical
cluster analysis (HCA) were computed and plotted using
MetaboAnalyst 3.0 (Xia et al. 2015). Heatmaps were
plotted using R 2.12.2 and RStudio 0.98.501. Between
subjects two-way ANOVA with p less than 0.01 with a
Bonferroni correction were used to identify metabolite
features that were significantly different between strains
and growth phases. HCA and heatmap were plotted based
on Euclidean distances and complete clustering.

3 Results
3.1 Sample collection

In order to examine how the metabolome of S. meliloti
changes throughout a growth curve and to make
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comparisons between strains, we sampled the strains at 5
time points in M9 (four across the exponential phase, one at
early stationary phase) and 3 time points in LBmc (mid-
exponential phase, early stationary phase, and late stationary
phase) (Fig. 1). Previous work has shown that the wild type,
ApSymA, ApSymB, and ApSymAB strains display unique
growth profiles; in minimal M9 medium the growth rate of
each is distinct, while in complex LBmc medium the growth
rate and maximal cell density differ (diCenzo et al. 2014).
To account for the differences in growth rate, M9 cultures
were sampled at pre-defined densities as opposed to pre-
defined time points, as shown in the growth curves in
Fig. 1a. As growth rate and entrance into stationary phase
differ between the strains in LBmc, the time and density at
sampling for each strain varied to ensure each culture was in
the desired growth phase (Fig. 1b).

3.2 Metabolite analysis, feature detection,
and quality control

For each sample, the intracellular or extracellular meta-
bolic profiles were analyzed using LC-HILIC-TOF-MS as
described in the Materials and Methods. A total of 3594
intracellular and 4081 extracellular metabolite features
were initially identified using XCMS and CAMERA, each
with a unique retention time and m/z value. 1474 intra-
cellular and 2008 extracellular metabolite features
remained after data processing and reduction, of which
1237 and 820 showed statistically significant changes
between samples (Online Resource 1 Table S1). In some
cases, a single metabolite can have multiple unique fea-
tures corresponding to adducts or in-source fragment ions.
Using authentic standards and MS/MS, 142 intracellular
features were identified. These consisted of 49 lipids and
73 polar metabolites. Of 77 extracellular features that were
identified, 2 were lipids and 65 were polar metabolites.

The extraction efficiency was 73-85 % and the biolog-
ical variation was 18-29 % for the intracellular metabo-
lome, and 12-26 % for the extracellular metabolome
(Online Resource 1 Table S2). OPLS-DA was performed to
assess the instrumentation reproducibility of the data by
analyzing the variation of pooled samples. The pooled
samples from intracellular or extracellular extracts were
tightly clustered on the loading plots, which indicated that
the technical variability was minimal in comparison to the
biological variance of the experimental conditions (Online
Resource 1 Figs. S1, S2).

3.3 Intracellular metabolic profiles of S. meliloti
strains cultured in M9 minimal medium

To understand the contribution of pSymA and pSymB to
the metabolism of S. meliloti, the intracellular metabolome
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was analyzed at five time points across the growth curve of
strains with or without pSymA and/or pSymB grown in a
defined, minimal medium (M9). The global relationship
between the samples was investigated using a supervised
multivariate analysis (OPLS-DA) and a HCA (Fig. 2a, b).
These global comparisons revealed clear metabolic shifts
between strains and across time, and that the biological
replicates for each sample clustered tightly together (On-
line Resource 1 Figs. S3, S4, Table S3). The presence/
absence of pSymB was the major contributor to these
metabolic differences, while the presence/absence of
pSymA had a modest impact on the metabolome. These
analyses also revealed that the metabolome of each strain
was distinct at each of the five time points, although growth
phase was the smallest contributor to the metabolic dif-
ferences observed in this study. In general, the metabolome
for all strains showed a progressive trend from the earliest
(M1) to the latest (M5) time point (Online Resource 1
Fig. S3). However, whereas the greatest metabolic shift
observed for the wild type, ApSymA, and ApSymAB
occurred when cells transitioned from the exponential
phase (M4) to stationary phase (M5), the largest metabolic
disparity for ApSymB was observed early in the growth
curve, between M1 and M2.

3.4 Metabolites contributing to the intracellular
metabolic profile changes

Between subjects two-way ANOVA were performed to
find the biomarker metabolite features that were primarily
responsible for differences between strains and between
growth phases as indicate through the OPLS-DA analysis.
A HCA and fold-change heat map of the 1237 features with
a p value less than 0.01 as determined with a two-way
ANOVA is shown in Fig. 2, and a similar plot showing the
100 most significantly changed features is presented in
Online Resource 1 Fig. S5. While the chemical identities of
few of the metabolites are known, the top 100 significantly
changed metabolites include several sugars (galactose,
sucrose), glutamic acid, glutamyl-hydroxyproline, and
phosphatidylglycerol (PG) 35:2.

In examining just the identified intracellular polar
metabolites, three notable groups of metabolites were
observed (Fig. 3). Multiple sugar metabolites including
sucrose, galactose, maltose, glucose, and trehalose were
more abundant in the ApSymB and ApSymAB strains
compared to the wild type and ApSymA. Increases asso-
ciated with the loss of pSymB were also observed in many
nucleotides and related compounds. Adenine, adenosine,
inosine, 2-deoxyadenosine, guanine, and deoxyinosine
were present in more abundance in the ApSymB and
ApSymAB strains. Moreover, a purine breakdown product,
hypoxanthine, was elevated in the stationary phase of all

cultures, but remained high and steadily increased
throughout the exponential phase of strains lacking
pSymB, whereas the concentration in exponential phase
was much lower in strains possessing pSymB. Finally, a
number of amino acids (tyrosine, arginine, lysine, leucine,
and glutamine) were elevated in the ApSymB and ApSy-
mAB strains relative to the wild-type and the ApSymA
strain. Serine and glutamate, on the hand, were elevated in
the ApSymA and ApSymAB strains.

There were 49 phospholipids identified in the intracellular
metabolome including 12 phosphatidylcholines (PC), 13
phosphatidylglycerols (PG), 21 phosphatidylethanolamines
(PE) and 2 phosphatidic acids (PA). Of these 49, 17 were
odd-chain phospholipids (cyclopropane-containing lipids)
and 31 were even-chain phospholipids (Fig. 2d). ApSymB
and ApSymAB had greater levels of odd-chain PCs, PGs,
PE33:1 and PE33:2 compared to wild type and ApSymA.
The remaining odd-chain PEs were less different between
strains. Similarly, a greater abundance of even short-chain
PCs including PC32:1 and PC34:1 were noted for ApSymB
and ApSymAB in comparison to wild type and ApSymA.
PG34:0, PG34:1, PG36:0 and PG36:2 were more abundant
in pSymA-cured strains. No disparities in the other phos-
pholipid classes were obvious between strains. A full list of
identified intracellular metabolites and their relative abun-
dances is included in the supplementary data (Online
Resource 2).

3.5 Extracellular metabolic profiles of S. meliloti
strains cultured in complex LBmc¢ medium

We wished to evaluate the contribution of pSymA and
pSymB towards the utilization of various metabolites in a
nutritionally complex environment and to examine how S.
meliloti influences its surrounding environment. To
accomplish this, we employed a non-targeted approach by
analyzing the composition of LBmc medium before and
after growth of the four S. meliloti strains. LBmc is a
complex medium containing carbohydrates, amino acids,
peptide fragments, nucleotides, vitamins and other
metabolites from casein hydrolysate and yeast extract. The
uptake and metabolism of metabolites will remove them
from the medium, whereas metabolites that require pSymA
or pSymB for their utilization will not be removed from the
medium by strains lacking these replicons. In addition,
metabolites that are excreted from S. meliloti can be
detected.

Blank LBmc, and spent LBmc from mid-exponential
phase, as well as early and late stationary phase were
analyzed. These extracellular metabolomes were assessed
for global relationships using OPLS-DA and HCA (Fig. 4a,
b). The 45 h inbucation of LBmc at 30 °C did not change
the metabolite profile of the medium (Fig. 4), confirming

@ Springer



23 Page 6 of 14

F. Fei et al.

a 10 R2X(cum)=0.807

A2

t[2]

-10
1]

oMIA  oM2A  aM3A  =M4A  xM5A MAWT  «M2WT aM3WT =M4WT
*M1B +M2B AM3B =M4B  xM5B M1AB M2AB AsM3AB =M4AB

i
-15-10-5 0 5 10 15

R?Y(cum)=0.330
Q?(cum)=0.256

xM5SWT
xM5AB

M1 M2 M3 M4 M5 M1 M2 M3 M4 M5 M1 M2 M3 M4 M5 M1 M2 M3M4 M5

wild type ApSymA ApSymB ApSymAB

6420 2 4 6

| - | :-'.i
ll;. R E 1 Ilr IIIIII
1 | IlllI [ B | §

wild type ApSymA ApSymB ApSymAB

@ Springer

TVUUUUUUUUUUUUUUUUUUUUUUUUUUUUTUUUU0UUUUUT

OERN S LRONRIN RN OOINNNNWOOINGIN O B = S N EOROONNS &

spidij uana

(uoneuedouidojoAd)

spidi| ppo

S===zzzzzzzzzzzzzz=z-=== ===

VUVUVINORROBROR RWR VW TN DR DR~ W WWA.

PPPPESSPPRPPIP IR IR oS S PR

DAAM G TIANATTAD b & PPPPEWEA T Pndrdd d —*n-
am NQ VT M N

b

L
55555
| TEERS
OwWwww
== == z===
N— WHAWWWANNN —=NWW——W——
SF==EESSSSsoso=s=rrrr
b PPN A M o
o TTOTANNAMDN A

1
@ M

HrNonnn
>3>00
D P

m

P=Z
n
I

WWWONNNWWRNUNnDD
" WWWWUUWWWWWWWWWW
YDODTNQY N TN TNAOM ™

= rzz=z=oo2zzzee z===
BWHEBWRNNNN w QO IOR 9] o
>33 >m > >3 55 ‘
& PEPEPE wew P P d P : :
anoo T T O O fo¥0)

35 30 25 30 15 10 5 0



Effects of synthetic large-scale genome reduction on metabolism and metabolic preferences in...

Page 7 of 14 23

«Fig. 2 Statistical analyses of the intracellular metabolome of wild-
type, ApSymA, ApSymB, and ApSymAB S. meliloti at various growth
phases including exponential phase (M/—4) and stationary phase (M5).
a The OPLS-DA score plot showing the global relationship between the
four S. meliloti strains at various growth phases, based on the 1474
detected metabolite features. Metabolome variance between strains and
during growth was summarized by the x- and y-axes. The progression of
growth is indicated by the arrow direction. The predictive statistic for
the model fell below 0.4 (Q2 = 0.256) due to similar metabolic profiles
between strains and growth phases. b Heatmap of the 1237 significant
metabolite features (between subject two-way ANOVA with Bonfer-
roni correction, p < 0.01) plotted based on log,(fold change) with
respect to the average metabolite levels in MIWT. ¢ Heatmap of 41
significant phospholipids (between subject two-way ANOVA with
Bonferroni correction, p < 0.01) plotted based on log,(fold change)
with respect to the average metabolite levels in MIWT. M1A sample ¢
(M1A-c) was removed as an outlier. d Hierarchical clustering analysis
of the total detectable features (1474 features) for all four strains at each
growth stage. Black wild type; blue ApSymA; green ApSymB; orange
ApSymAB. M1 circle; M2 diamond; M3 triangle; M4 square; M5 cross.
WT wild type; A ApSymA; B ApSymB; AB ApSymAB (Color
figure online)

that any changes observed are a direct result of the growth
of S. meliloti. The data for the biological replicates at each
time point showed tight clustering, indicative of high
reproducibility (Online Resource 1 Fig. S6, Table S4). As
expected, samples from the mid-exponential phase cultures
(L1) were most similar to the un-inoculated LBmc med-
ium, whereas major changes in the extracellular metabolic
profile were evident at L2 and L3 (Fig. 4c). Even though
the wild-type and ApSymA samples at each time point
clustered separately, the samples were quite similar
throughout the growth curve but were distinctly different
from the ApSymB and ApSymAB extracellular metabolic
profiles. This trend was similar to that noted above for the
intracellular metabolites.

3.6 Metabolites contributing to the extracellular
metabolic profile changes

Of the 2008 extracellular metabolic features identified, 820
(~41 %) showed statistically significant changes between
samples and the LBmc control (Fig. 4c). The majority of
these were features that decreased throughout the growth
curve of the wild type and ApSymA. Many, but by no
means all, of these features also decreased in the spent
media of ApSymB and ApSymAB cultures, although the
decreases were often less dramatic. A heatmap showing the
top 100 most significantly changed features is presented in
Online Resource 1 Fig. S7. The top 100 significantly
changed metabolites include amino acids and derivatives
(ala-leu, met-ala, arginine, lysine, ornithine), nucleobases
and nucleosides (adenine, adenosine, guanine, guanosine),
maltose, and 2-phenylglycine. Of the 65 identified polar
metabolites, compounds showing some level of decrease in

all cultures included, but was not limited to, dipeptides
(met-ala, ala-his, and ala-leu) and nucleotides and related
compounds (guanosine, inosine, adenosine, and adenine),
whereas many amino acids (arginine, ornithine, proline,
glutamic acid, histidine, and serine) only decreased in the
wild type and ApSymA (Fig. 5). No metabolites decreased
only in strains lacking pSymA and/or pSymB.

Overall, there were a smaller percentage of features that
showed an increase throughout the growth curves, and such
changes were reduced when either pSymA and/or pSymB
were removed from the genome (Fig. 5). Looking at the 61
identified polar metabolites, metabolites such as N-acetyl-
glutamic acid, pantothenic acid, and nicotinic acid built up
to some degree in the supernatant of all strains, whereas
metabolites including N-acetyl-phenylalanine, sedoheptu-
losan, N-acetyl-glucosamine (GlcNAc), and citrulline only
accumulated in the supernatant of the wild type and
ApSymA. Interestingly, few metabolites only accumulated
in the supernatant of strains lacking either pSymA and/or
pSymB. Guanine, allantoin, arabitol, and malic acid
accumulated only in the supernatant of the ApSymB and
ApSymAB strains. Malic acid was particularly interesting;
whereas malic acid was depleted from the media of wild-
type and ApSymA cultures, malic acid accumulated more
than tenfold in the ApSymB and ApSymAB cultures. A full
list of identified extracellular metabolites and their relative
abundances is included in the supplementary data (Online
Resource 3).

4 Discussion

As the metabolic capabilities of the four strains examined
in this study differ greatly (diCenzo et al. 2014), we chose
to examine the intracellular metabolome of cultures grown
in sucrose minimal medium to ensure all strains were uti-
lizing the same compounds to support growth. Few
metabolites showed large fold-changes across the expo-
nential growth phase (M1-M4). However, a global
decrease following the transition to the stationary phase
(M5) was observed, consistent with a general repression of
cellular metabolism following the cessation of growth
(Chang et al. 2002). The sole exception was the ApSymB
culture, suggesting that this culture had not fully entered
stationary phase at the M5 time point. Larger magnitude
changes were observed when comparing the metabolome
between strains. The effect of pSymA and pSymB removal
was starkly different (Fig. 2). The removal of pSymA had a
relatively minor impact on the metabolome, with only a
few metabolic features showing small increases in feature
abundance. In contrast, the loss of pSymB resulted in many
more metabolite features showing changes in abundance,
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Fig. 3 Intracellular levels of selected metabolites (a—-t). Intracellular
data were obtained from wild-type, ApSymA, ApSymB, and
ApSymAB S. meliloti strains cultured in minimal M9 medium at 5

with much greater fold changes, and with both increases
and decreases in the metabolic features apparent.
Evolutionarily, pSymB is a much older addition to the S.
meliloti genome than is pSymA, meaning pSymB has co-
evolved with the core chromosome for a greater length of
time (Galibert et al. 2001; Wong et al. 2002). Additionally,
whereas the gene content of pSymA is highly variable
between wild-type S. meliloti isolates, the composition of
pSymB is strongly conserved (Epstein et al. 2012;
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time points. n = 5-6. Black wild type; blue ApSymA; green ApSymB;
orange ApSymAB. MI—4 exponential phase; M5 stationary phase;
error bar represents two standard deviation (Color figure online)

Galardini et al. 2013; Guo et al. 2009). These observations,
together with earlier work characterizing the phenotypic
impact of the loss of pSymA and pSymB (diCenzo et al.
2014), have led to the suggestion that pSymA is an
accessory replicon, largely specific to symbiosis and
involved in adaptation to unique environments (diCenzo
et al. 2014; Galardini et al. 2013). This is consistent with a
proteomics study that identified only a few proteins present
in free-living wild-type S. meliloti Rm2011 but absent in
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Fig. 4 Statistical analyses of the extracellular metabolome of wild-
type, ApSymA, ApSymB, and ApSymAB S. meliloti at various
growth phases including mid-exponential phase (L1), early stationary
phase (L2) and late stationary phase (L3) cultured in LBmc. a The
OPLS-DA score plot showing the global relationship between the four
strains of S. meliloti at various growth phases, based on the 2008
detected metabolite features. The progression of growth is indicated
by the arrow direction. Metabolome variance between strains and
during growth was summarized by the x- and y-axes. b Heatmap of

ApSymA (Chen et al. 2000); in the free-living cell, pSymA
is largely silent. In contrast, pSymB, while likely special-
ized for a particular niche (diCenzo et al. 2014; Galardini
et al. 2013), has been more integrated into the core genome
(Galardini et al. 2015). The metabolomics data presented
here are consistent with these arguments. The loss of
pSymA had a relatively modest impact on the metabolome
of S. meliloti, and the accumulation of few, if any,
metabolites appeared dependent on pSymA. On the other
hand, removal of pSymB resulted in some drastic changes
in abundance of metabolic features. Yet, ApSymAB grew
quite well in the minimal medium considering nearly half

T T T T T T T
ApSymAB 35 30 25 20 15 10 5

the 820 significant metabolite features (between subject two-way
ANOVA with Bonferroni correction, p < 0.01) plotted based on
log,(fold change) with respect to the average metabolite levels in
LBmc. ¢ Hierarchical clustering analysis of the total detectable fea-
tures (2008 features) for all four strains at each growth stage. LBmc
red, black wild type; blue ApSymA; green ApSymB; orange
ApSymAB. L1 circle; L2 diamond; L3 square. WT wild type;
A ApSymA; B ApSymB; AB ApSymAB; LBmc LBmc blank
following 0 and 45 h incubation at 30 °C (Color figure online)

the genome was removed. This would suggest that the
metabolites whose synthesis are dependent on pSymB are
predominately accessory metabolites.

It seems likely that many of the metabolites that accu-
mulate in the ApSymB and ApSymAB strains were the
result of the decreased growth rate of these strains and not
directly linked to the absence of pSymB. The increased
metabolites include several sugars, amino acids, and
nucleotides and related compounds (Fig. 3). Presumably
the abundances of these compounds reflect a steady state
level established by the relative rate of their synthesis/up-
take and their catabolism or incorporation into the
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«Fig. 5 Extracellular data were obtained from various growth phases
of wild-type, ApSymA, ApSymB, and ApSymAB S. meliloti strains
cultured in LBmc medium (a-z). Black wildtype; blue ApSymA;
green ApSymB; orange ApSymAB. LI mid-exponential phase; L2
early stationary phase; L3 late stationary phase, LBmc average of the
readouts of 0 and 45 h LBmc blank at 30 °C; error bar represents two
standard deviation (Color figure online)

appropriate macromolecules. Given that ApSymB and
ApSymAB display a reduced growth rate relative to
Rm2011, the rate that sugar is catabolized and the rate that
nucleotides and amino acids are incorporated into nucleic
acids and proteins is expected to decrease. If there is not a
proportional decrease in the rate of uptake/synthesis of
these compounds, their steady state level would increase,
as is observed in this study.

Metabolites whose concentration decreased following
the removal of pSymB (Fig. 2c) presumably reflect
metabolites whose synthesis is pSymB dependent. While
we are currently unable to explain most of the decreases,
the pattern of hypoxanthine accumulation is notable as it
helps validate our results. It has previously been shown that
there is an intracellular accumulation of hypoxanthine in
stationary phase cultures of Escherichia coli due to rRNA
degradation (Rinas et al. 1995), and the hypoxanthine
degradation genes are situated on pSymB in S. meliloti
(Finan et al. 2001; Sukdeo and Charles 2003). The con-
centration of hypoxanthine in Rm2011 and ApSymA was
elevated in stationary phase (M5) (Fig. 3i). In contrast, the
concentration of hypoxanthine was elevated throughout the
growth curve of ApSymB and ApSymAB with a modest
increase with time, consistent with the inability of these
strains to break down the hypoxanthine once sub-cultured
and growth is re-initiated. The ability to correlate genomic
and published data with the pattern of hypoxanthine
accumulation in our data provides some evidence that the
intracellular changes observed in this study are true
changes.

The use of HILIC-TOF-MS allowed us to not only
detect polar metabolites, but to also simultaneously moni-
tor non-polar metabolites (Fei et al. 2014). Overall, the
lipid composition noted here (Fig. 2d) was consistent with
previous published results using GC-MS and ESI-MS/MS
(Saborido Basconcillo et al. 2009). In comparing the lipid
composition of the four strains, we observed that the rel-
ative composition of the different classes of phospholipids
remained consistent between strains. However, several
cyclopropanated lipids were present at higher levels in
strains lacking pSymB. The cyclopropane bond is more
stable than a double bound, and cyclopropanated-PL is
known to increase E. coli resistance to acid stress and
temperature shock (Zhang and Rock 2008). Increased
cycloporpanation has also been correlated with acidic

conditions and phosphate limitation in S. meliloti (Saborido
Basconcillo et al. 2009). As pSymB is involved in
osmoadaptation and exopolysaccharide biosynthesis
(Dominguez-Ferreras et al. 2006; Finan et al. 2001, 1986),
the removal of pSymB may have resulted in increased
stress, including osmotic stress, resulting in increased lipid
cyclopropanation.

Examining the extracellular metabolome of S. meliloti in
complex LBmc medium facilitated an examination of the
metabolic capacity and preferences of S. meliloti, how S.
meliloti influences its environment, and how pSymA and
pSymB contribute to these processes. It was expected that
the removal of compounds from the medium would show a
hierarchal usage with the most preferential compounds
utilized first. The concentration of individual metabolites in
LB can vary, but always the amino acids such as glutamic
acid (11 mM), proline (9 mM), lysine (6 mM), leucine
(8 mM), threonine (4 mM) and histidine (1 mM) are pre-
sent at high concentrations relative to sugars such as glu-
cose (0.1 mM) (Sezonov et al. 2007). It is striking that very
few metabolites were completely removed by the wild-type
or ApSymA strain by the time the populations reached a
density of 2 x 10° CFU/mL (ODgqp of 1, i.e. time point L1)
(Fig. 4c). As a cell density (ODggp) of 1 would normally
require the catabolism of the equivalent of ~7 mM glu-
cose (Osteras et al. 1995), the extracellular metabolite
profile data indicated that many of the amino acids and
other compounds were simultaneously metabolized. Nev-
ertheless, a hierarchical usage was observed as a number of
metabolic features were fully depleted by L2 (presumably
the preferred nutrient sources), whereas others were not
removed until L3.

Currently, Phenotype MicroArray ™ (Biolog Inc) are
the primary method to examine the metabolic capabilities
of an organism by testing if an organism can individually
metabolize or not a range of substrate; however, no insight
is gained about the metabolic preferences of the organism.
We show here that HILIC-TOF-MS allows us to detect the
preferential usage of substrates in a nutritionally complex
environment, and thus will be a valuable technique to
complement Phenotype MicroArray'™ studies. Addition-
ally, this technique has potential in examining the meta-
bolism of an organism in complex, environmental samples.
For example, the nutritional environment of S. meliloti in
the rhizosphere is generally accepted to be highly influ-
enced by plant root exudates. By growing S. meliloti in a
medium containing purified plant root exudate as the car-
bon source, HILIC-TOF-MS would allow the detection of
which root exudates are utilized by S. meliloti, and the
preference of S. meliloti for these different compounds.

Cross-strain comparisons revealed the exometabolome
of Rm2011 and ApSymA were highly similar (Fig. 4),
consistent with this replicon being involved in the
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catabolism of few substrates (diCenzo et al. 2014; Oresnik
et al. 2000). On the other hand, previous work has impli-
cated pSymB in the transport and catabolism of a broad
range of substrates, particularly carbon sources (diCenzo
et al. 2014; Finan et al. 2001; Mauchline et al. 2006), and
indeed, many substrates that are removed from the medium
by the wild type remain in the spent media of ApSymAB
cultures (Fig. 4c). Many of the organic acids, several of
which are relevant during symbiosis (Dunn 2014), fall into
this category, including serine, lysine, arginine, ornithine,
proline, histidine, and taurine (Fig. 5h, i, j, 1, m, n, o). For
histidine, taurine, ornithine, and likely arginine, this is due
to the presence of the corresponding catabolic genes on
pSymB, and at least in the case or taurine, the transport
genes as well (diCenzo et al. 2015; Dunn 2014; Finan et al.
2001; Mostafavi et al. 2014). Though ApSymAB did not
utilize arginine or proline, the ability of exogenous arginine
and proline to complement ApSymAB arginine and proline
auxotrophs (diCenzo and Finan 2015), respectively, indi-
cate that the ApSymAB strain can transport these amino
acids (data not shown). Intriguingly, lysine was not
metabolized only by the ApSymAB strain, suggestive of
functional redundancy in lysine transport or metabolism, a
common phenomenon in S. meliloti (diCenzo and Finan
2015).

The ApSymB and ApSymAB strains enter stationary
phase at a density greater than five-fold less than the wild
type and ApSymA (Fig. 1b). As Phenotype MicroArray™
studies indicated that these two strains are unable to utilize
more than half the carbon sources, including most amino
acids, that can be used by the wild type, it was suggested
that the reduced density in LBmc was a result of carbon
starvation (diCenzo et al. 2014). The work here shows that
the ApSymB and ApSymAB strains are indeed highly
impaired in their ability to utilize amino acids as a carbon
source, as they remain at a high concentration even fol-
lowing the onset of stationary phase (Fig. 5). Furthermore,
adding sucrose to LBmc allows the ApSymB and ApSy-
mAB strains to reach a higher cell density, consistent the
cessation of growth corresponding to carbon starvation
(data not shown). As amino acids and oligopeptides are the
primary carbon source in LBmc (Sezonov et al. 2007),
these observations indicate that the reduced stationary
phase density of the ApSymB and ApSymAB strains is a
result of an inability to metabolize the amino acids as a
carbon source.

A number of extracellular metabolic features increased
in the medium following growth of all four strains, but
perhaps more interesting are those that only increased
when pSymB was absent. These compounds may represent
products of pathways that are incomplete because of the
absence of the pSymB replicon. Alternatively, as a part of
normal cellular metabolism, some compounds may always
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be produced, secreted, and subsequently re-assimilated and
metabolized by S. meliloti. But if the necessary uptake
transporter were encoded by pSymB, these compounds
would be unable to be re-assimilated in the ApSymB and
ApSymAB strains. For example, S. meliloti has previously
been observed to secrete, and then re-assimilate, malate
(Carson et al. 1992). However, the C4-dicarboxylate
transport system encoded by dctA is located on the pSymB
replicon (Finan et al. 1988; Watson et al. 1988). Hence,
unlike the wild type, ApSymB and ApSymAB are unable to
re-assimilate the secreted malate, resulting in its accumu-
lation in the medium (Fig. 5z).

In conclusion, the analysis of intracellular and extra-
cellular metabolites from the S. meliloti cultures lead to
interesting insights with respect to these strains and par-
ticularly the catabolic functions for genes of the pSymB
replicon. For future studies employing extracellular pro-
filing, the inclusion of a media containing known concen-
trations of amino acids and nucleotides would offer
advantages in the analysis of the data.
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