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Abstract
In legumes, symbiotic nitrogen (N) fixation (SNF) occurs in specialized organs called nodules after successful interactions
between legume hosts and rhizobia. In a nodule, N-fixing rhizobia are surrounded by symbiosome membranes, through
which the exchange of nutrients and ammonium occurs between bacteria and the host legume. Phosphorus (P) is an
essential macronutrient, and N2-fixing legumes have a higher requirement for P than legumes grown on mineral N. As in
the previous studies, in P deficiency, barrel medic (Medicago truncatula) plants had impaired SNF activity, reduced growth,
and accumulated less phosphate in leaves, roots, and nodules compared with the plants grown in P sufficient conditions.
Membrane lipids in M. truncatula tissues were assessed using electrospray ionization–mass spectrometry. Galactolipids
were found to increase in P deficiency, with declines in phospholipids (PL), especially in leaves. Lower PL losses were found
in roots and nodules. Subsequently, matrix-assisted laser desorption/ionization–mass spectrometry imaging was used to
spatially map the distribution of the positively charged phosphatidylcholine (PC) species in nodules in both P-replete and
P-deficient conditions. Our results reveal heterogeneous distribution of several PC species in nodules, with homogeneous
distribution of other PC classes. In P poor conditions, some PC species distributions were observed to change. The results
suggest that specific PC species may be differentially important in diverse nodule zones and cell types, and that membrane
lipid remodeling during P stress is not uniform across the nodule.

Introduction
Legumes have the distinctive ability to interact with symbi-
otic nitrogen (N)-fixing soil bacteria called rhizobia. A ma-
ture interaction culminates in the formation of nodules,
specialized plant structures on legume roots. With nodules,
symbiotic N fixation (SNF) takes place in the internalized
rhizobia, which biosynthesize ammonia from atmospheric

N. Rhizobia exchange the ammonia for photosynthate-
derived carbon from the plant in complex processes (Fuchs
et al., 2010; Udvardi and Poole, 2013; Flores-Tinoco et al.,
2020). In N deficiency, a molecular signal exchange between
the host plant and appropriate rhizobial species initiates
nodule development (Oldroyd, 2013). Plant roots secrete fla-
vonoids and rhizobia responds by producing Nod factors.
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Nod factor perception leads to curling of the epidermal root
hair cells in the plant. Plant cell division in the root cortical
cells initiates the formation of the nodule primordia, leading
to the development of a nodule meristem. Concomitantly,
rhizobia enter root hairs enclosed in plant-derived infection
threads (ITs) that bring them into the underlying dividing
root cells. There they are released into symbiosomes (Syms),
organelle-like structures containing the rhizobia, now called
bacteroids, enclosed in a plant-derived Sym membrane
(SymM), also called the peribacteroid membrane (Verma
and Hong, 1996). Bacteroids and plant cells then start a
differentiation process that culminates in induction of
SNF genes in the rhizobia and a mature functional
leghemoglobin-containing pink nodule.

Tropical legumes like soybean (Glycine max), and birdsfoot
trefoil (Lotus japonicus) forms determinate nodules that con-
tain one symbiotic state at a time (Hirsch, 1992). In contrast,
temperate legumes like barrel medic (Medicago truncatula),
and pea (Pisum sativum), form indeterminate nodules.
Indeterminate nodules are elongated because of a persistent
apical meristem that leads to the formation of different de-
velopmental stages or zones (Vasse et al., 1990; Roux et al.,
2014). Zone I (ZI) is the rhizobia-free meristematic region,
containing mostly non-differentiated dividing cells. Zone II
(ZII) corresponds to the infection zone, comprising the pre-
infection zone with non-infected differentiating cells and
cells releasing rhizobia from ITs into Syms with rhizobia
enclosed within the SymM; the proximal ZII includes the
area where plant and bacterial cells differentiate and enlarge
through endoreduplication (Cebolla et al., 1999). Zone III
(ZIII) comprise large cells containing N-fixing, Sym-enclosed
bacteroids interspersed with uninfected plant cells. Between
ZII and III is Interzone II–III (IZII–III), a region several cell
layers wide. The senescent zone, Zone IV (ZIV), gradually
develops in the proximal part of the nodule and becomes
apparent after several weeks (Perez Guerra et al., 2010).
These cells are contained within the epidermal, outer corti-
cal, vascular, and inner cortical cells of the nodule.

Most agricultural fields lack sufficient phosphorus (P) for
maximum crop yields. Legumes are especially affected be-
cause they are typically grown symbiotically, and it has been
shown that legumes reliant on SNF require higher P com-
pared to legumes grown with N fertilizer. Studies in diverse
legumes have shown growth parameters and symbiotic
responses are improved by P fertilization (Israel, 1987; Itoh,
1987; Pereira and Bliss, 1989; Al-Niemi et al., 1997; Vance,
2001; Vance et al., 2003; Schulze and Drevon, 2005;
Hernandez et al., 2009; Liu et al., 2018). Legume nodules act
as a P sink in P deprivation, with nodule P concentration in-
creased up to three times compared to that of leaves and
roots (Sa and Israel, 1991; Schulze et al., 2006). Nodulation is
accompanied by reprogramming of both plant and bacterial
metabolism including membrane biosynthesis required for
division and differentiation of both rhizobial and plant cells,
organelle function, and formation and development of
SymMs. These membrane lipids are among the P sinks in

nodules and are typically rich in phospholipids (PLs) primar-
ily followed by galactolipids (GLs; Hernández and Cooke,
1996; Whitehead and Day, 1997; Gaude et al., 2004). The
major PLs present in nodules are phosphatidylcholine (PC)
and phosphatidylethanolamine (PE), while phosphatidylgly-
cerol (PG), phosphatidylinositol (PI), phosphatidylserine (PS),
and phosphatidic acid (PA) are low in abundance (Gaude
et al., 2004). The major GLs reported in nodules are monog-
alactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol
(DGDG) where they are found in the SymM and likely other
plant membranes (Gaude et al., 2004).

Because nodules are symbiotic organs, bacteroid mem-
brane lipids are also present (de Rudder et al., 1999; Lopez-
Lara et al., 2003, 2005). Rhiziobial membrane lipid composi-
tion has been extensively studied in Bradyrhizobium and
Sinorhizobium meliloti spp. in cell cultures (Miller et al.,
1990; de Rudder et al., 1997) and has been found to contain
PG, cardiolipin and PE as major membrane lipids, followed
by PC in substantial amounts. Under P limiting cell culture
conditions, rhizobial membrane PLs serve as a pool of me-
tabolizable phosphate (Pi) for the synthesis of P-free lipids
such as sulfoquinovosyl diacylglycerol, an ornithine contain-
ing lipid and diacylglyceryl trimethylhomoserine (Zavaleta-
Pastor et al., 2010). The composition and changes in bacte-
roid membrane lipids in absence of P have been studied in
the large determinate nodules formed by G. max–
Bradyrhizobium japonicum (Gaude et al., 2004).

The conventional way of analyzing lipids from plant tis-
sues or seeds is through organic extraction followed by
analysis by mass spectrometry (Narasimhan et al., 2013). The
extracted lipids are typically introduced in the mass spec-
trometer by direct infusion using an electrospray ionization
(ESI) source (Brügger et al., 1997). Precursor and neutral loss
scans are performed for specific lipid detection and quantifi-
cation, with standards (Shiva et al., 2013). The biggest prob-
lem with this type of analyses is the information on the
spatial distribution of where these lipid metabolites origi-
nated is lost during their extraction processes (Sturtevant
et al., 2016, 2017). Imaging techniques using genetically
encoded biosensors have been developed and used to reveal
tissue and subcellular spatial differences in specific mem-
brane lipid classes; however, these biosensors cannot dis-
criminate degree of lipid unsaturation and can be difficult
to use quantitatively (Colin and Jaillais, 2020). Semi-
quantitative matrix-assisted laser desorption ionization–
mass spectrometry (MALDI–MS) imaging has emerged as a
promising alternative to analyze the spatial distribution of
plant membrane lipids (Horn et al., 2012; Due~nas et al.,
2017; Woodfield et al., 2017). MALDI–MS imaging (MALDI–
MSI) has the advantages of high resolution leading to accu-
rate mass measurements of the metabolites which are criti-
cal for imaging studies (Gemperline et al., 2015). Among
membrane lipids, PC species are amenable for MALDI–MSI
because of their abundance and positively charged quater-
nary ammonia group. In addition, MALDI–MSI allows deter-
mination of PC lipid unsaturation.

1848 | PLANT PHYSIOLOGY 2021: 185; 1847–1859 Dokwal et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/185/4/1847/6094632 by U

niversity of N
orth Texas user on 28 July 2021



Inspired by reports showing spatial differences in PC spe-
cies distribution in seed tissues (Sturtevant et al. 2017;
Woodfield et al., 2017), we wondered whether PC distribu-
tion would be evenly across nodule zones that have distinct
physiological functions in indeterminate nodules. Further,
we were curious about whether PC species distribution
would change in P deprivation. In this study, we investigated
membrane lipid composition in nodulated M. truncatula
plants that were P deprived compared to controls. We ana-
lyzed the spatial distribution of PC in nodules from both P
starved and control plants. Our findings showed expected
changes in membrane lipid composition during P depriva-
tion and present insights of PC distribution and remodeling
in nodule development, in SNF, and those processes during
P deprivation.

Results

P deficiency has differing effects on M. truncatula
membrane lipid composition in leaves, roots, and
nodules
To induce P deprivation, we grew plants in aeroponics cham-
bers to control the growth medium conditions. R108 geno-
type plants were grown for 5 d in N and P replete media,
starved for N for 5 d while receiving full P, and subsequently
starved for P at the same time as they were inoculated with
Sinorhizobium melliloti (–P). In these conditions, nodules
started to develop at the onset of P starvation. Control
plants were grown side-by-side in replete P conditions ( + P).
Media was assessed daily for P concentrations (Supplemental
Table S1). After 4 weeks, –P plants were assessed for P depri-
vation characteristics (Li et al., 2001; Williamson et al., 2001;
Schulze et al., 2006; Hernandez et al., 2007; Morcuende et al.,
2007; Hernandez et al., 2009; Sulieman et al., 2013a, 2013b;
Ding et al., 2020). Medicago truncatula –P plants showed im-
paired growth compared to those in + P, with lower fresh
and dry weights (DWs) and lower inorganic Pi and total P in
leaves, roots, and nodules (Supplemental Figure S1, A–E).
The nodulated root systems from –P plants were found to
have higher numbers of lateral roots and fewer and smaller
nodules than those from + P plants (Supplemental Figure S2,
A–H). Plants had reduced nitrogenase activity, as revealed by
the acetylene reduction assay (ARA; Supplemental Figure
S2I). This confirmed that our –P conditions were effective in
inducing P deprivation.

To gain insight into membrane lipid composition changes
under P deprivation versus sufficiency, lipid profiling using
ESI–MS was carried out to determine the polar membrane
glycerolipid composition of leaves, roots, and nodules, in-
cluding PLs and GLs. In leaves, in + P conditions, the GLs
MGDG and DGDG were found to be highly abundant, com-
prising almost 75% of total glycerolipids measured
(Figure 1A). In –P leaves, the composition of GLs increased
to 90% of total membrane lipids (Figure 1B). In both + P
and –P, MGDG species were found to be more abundant
than DGDG species, with increases in DGDG species higher
than MGDG in –P as compared to + P (Figure 1, A and B).

MGDG and DGDG species of 36:6 fatty acid composition
predominated in both + P and –P leaves (Figure 1, A and
B). In –P, DGDG 36:3 species were found to increase mark-
edly compared to + P, although their levels were found to
be �10-fold lower than those of DGDG 36:6 species
(Supplemental Figure S3A). MGDG and DGDG 36:6 and
DGDG 36:3 species accumulated close to two-fold higher in
–P leaves (Supplemental Figure S3, A and B), accounting for
most of the GL increases observed (Figure 1, A and B). In
+ P leaves, PLs were found to comprise only �25% of total
membrane glycerolipids measured, with PC and PG species
encompassing 75% and 14% of the total PLs, respectively
(Figure 1A). Smaller contributions to total PL were made by
PE (1.67%), PI (0.91%), PS (0.17%), and PA (0.04%;
Figure 1A). In –P leaves, PLs comprised only 10% of the total
glycerolipids, with a significant decrease observed in quanti-
ties of PC (7.24%) and PG (1.17%; Figure 1, A and B). PC
species with fatty acid compositions 34:3, 34:2, 36:6, 36:5,
36:4, and 36:3 were markedly reduced in –P (Supplemental
Figure S3C). Levels of PE species with fatty acids composi-
tions 34:3, 34:2, 36:5, and 36:4 were lower in –P leaves
(Supplemental Figure S3D). PG 34:4 significantly contributed
to decrease in the PG species (Supplemental Figure S3E) as
it was reduced almost by two-fold in –P leaves. No signifi-
cant difference in PA and PI species was observed between
+ P and –P leaves (Supplemental Figure S3, F and H). Two
PS species with fatty acid composition 40:3 and 42:3 were
reduced in –P leaves (Supplemental Figure S3G).

In roots, contrasting differences in the membrane compo-
sition were observed in + P versus –P compared to leaves.
PL species contributed 92% to the total glycerolipids in + P
roots and showed a decline to 68% in –P (Figure 1, C and
D). PC species were the most abundant membrane lipids
encompassing 50% of the total lipids in roots in + P which
decreased to 37% in –P roots, respectively (Figure 1, C
and D). Relatively abundant PC species with fatty acid
compositions of 34:3, 34:2, 36:5, 36:6, 36:4, 36:3, and 36:2
showed a significant reduction in –P (Supplemental Figure
S4A). In + P roots, lower contributions to total lipid compo-
sition were made by PE (28.80%), PG (2.04%), PI (6.85%), PS
(1.64%), and PA (3.23%; Figure 1C). P deprivation resulted in
lower concentrations of root PE (19.30%), PG (0.93%), and
PI (4.80%), while PS (1.47%) and PA did not significantly
change (3.93%; Figure 1D). Like PC, 34- and 36-carbon con-
taining PE species (34:3, 34:2, 36:6, 36:5, 36:3, and 36:2) were
reduced in –P roots (Supplemental Figure S4B). PG 32:0,
34:2, and 34:3 and PI 34:3 and 34:2 were also found to be
decreased in –P roots (Supplemental Figure S4, C and D).
Most of the PS and PA species showed no significant differ-
ence between + P and –P roots, except PS 40:2 and
42:2 which decreased in –P (Supplemental Figure S4, E
and F). In + P roots, the GLs MGDG and DGDG comprised
only 7.39% of the total glycerolipid composition, with 3.98%
and 3.41%, respectively (Figure 1C). In –P roots, the GL con-
tent increased to 32.30% of total glycerolipids, with MGDG
comprising 16.80% and DGDG 15.50% of the total
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(Figure 1D). Similar to leaves, the 36:6 fatty acid moieties of
both MGDG and DGDG were found to predominate in + P
and –P roots (Supplemental Figure S4, G and H). MGDG
36:6 was relatively more abundant compared to DGDG 36:6
in roots in –P conditions (Supplemental Figure S4, G and
H). Levels of most 34- and 36-carbon species of DGDG and
36-carbon species of MGDG (including 34:3) were increased
in –P roots in (Supplemental Figure S4, G and H).

We found that nodules had a similar membrane glyceroli-
pid profile to roots, with PLs most abundant. In + P
nodules, PC (49.10%) species comprised the most abundant
class of membrane lipids, with PE (28.20%) second in abun-
dance of the total glycerolipids (Figure 1E). In –P nodules,
PC species remained the most abundant class of membrane
glycerolipids (31.20%). Major PC species that showed
decreases in –P nodules included those of 34:3, 34:2 34:1,
36:6, 36:5, 36:4, 36:3, and 36:2 compositions (Supplemental
Figure S5A). PE species were reduced to 17.40% in –P nod-
ules (Figure 1F), with the 34- and 36-carbon fatty acid-
containing species showing the most significant changes
(Supplemental Figure S5B). Other PL species in nodules that
showed changes in their levels between the two different
growth conditions were PG (6.60% in + P to 2.91% in –P)
and PI (6.10% in + P to 2.43% in –P; Figure 1, E and F).
Similar to PC and PE, the 34- and 36-carbon containing fatty
acid species of PG and PI showed the largest changes in –P
nodules (Supplemental Figure S5, C and D). No significant
differences were observed in PS and PA species in –P
nodules compared to + P nodules (Figure 1, E and F;
Supplemental Figure S5, E and F). In + P nodules, the GLs
MGDG (4.33%) and DGDG (3.39%) comprised 7.72% of the

total glycerolipid composition (Figure 1E), similar to that of
roots. In –P nodules, MGDG (21.60%) and DGDG (20.10%)
increased to 41.70% of the total glycerolipids in nodules,
noticeably (8%) higher than that observed in –P roots
(Figure 1, D and F). The 36:6 fatty acid species were the
most abundant species of GLs in nodules regardless of the
growth conditions (Supplemental Figure S5, G and H).
DGDG 36:6 accumulated approximately four-fold in –P nod-
ules and MGDG 36:6 showed a three-fold increase
(Supplemental Figure S5, G and H). Most 34- and 36-carbon
species of DGDG and 36-carbon species of MGDG (includ-
ing 34:3) showed increased levels in nodules in P deficiency
(Supplemental Figure S5, G and H).

MALDI–MSI shows PC species are non-uniformly
distributed in M. truncatula nodules
MALDI–MSI is a semi-quantitative technique that permits
mapping of metabolites in biological sections, yielding a spa-
tial metabolic context (Chen et al., 2009; Fuchs et al., 2010;
Gemperline et al., 2015; Sturtevant et al., 2016; Lu et al.,
2018). With this technique, matrix-coated nodule sections
are subjected to laser rastering in a series of points, collected
as x–y coordinates. The laser-excited metabolite ions enter a
mass spectrometer where their m/z values are measured.
Subsequently, metabolites are identified and used to show
individual metabolite intensity at each x–y coordinate via
false-color images (Figure 2). Among the membrane glycero-
lipids, PC species are abundant and contain a quaternary
ammonia group with a permanent positive charge and are
thus detectable in tissue sections. MALDI–MSI has been
used to investigate PC species distribution in animal tissues

Figure 1 Total lipid composition for leaves, roots, and nodules in mol%. A and B, represent total lipid composition in leaves. A, + P; B –P. C and
D, represent total lipid composition in roots. C, + P; D –P. E and F, represent total lipid composition in nodules. E, + P; F –P. The values are mean-
± standard deviation (SD).
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(Jackson et al., 2007; Chen et al., 2009; Fuchs et al., 2010).
Among plants, barley germinating seeds and Brassica napus
developing seeds have been subjected to MALDI–MSI for
PC distribution (Gorzolka et al., 2016; Woodfield et al., 2017;
Lu et al., 2018; Colin and Jaillais, 2020). We sought to bring
MALDI–MSI to indeterminate M. truncatula nodules to ex-
amine PC species distribution, the most abundant mem-
brane glycerolipid type found there (Figure 1, E and F). The
instrument we used had 40-mm resolution, capable of analy-
ses at the tissue scale.

To examine nodule PC species distribution, we first evalu-
ated the PC distribution in + P nodules (Figure 3, A and B;
Supplemental Figure S6, A and B). Figure 3A and
Supplemental Figure S6A show false-color image maps
where all the species are shown at the same intensity scale
(40 mol%), revealing the absolute abundance of each PC,
allowing comparison of PC species abundance to one an-
other. For example, this analysis shows that PC species 34:1,
36:2, 36:5, and 38:5 are more abundant in nodules, and for
36:4 in the surrounding root tissue, in comparison with
other species (Figure 3A; Supplemental Figure S6A). Overall,
it can be seen that the PC species abundance determined
by semi-quantitative MALDI–MSI agrees reasonably well
with results obtained via the more quantitative ESI–MS
(Supplemental Figure S5A) where PC species 34:1, 36:2, 36:4,
and 36:5 were abundantly present in nodules, as has been
similarly shown in seed studies where PC species have been
imaged by MALDI–MS (Woodfield et al., 2017). The disad-
vantage of fixed value false-color MALDI–MS images is that
the spatial distribution of lipid molecular species is difficult

to see for species with high or low amounts in tissues: either
overexposed in brown/dark red for high levels or all green
for low levels. To surmount this, we adjusted the scale for in
each MALDI–MS image and created a relative distribution
profile, so that the maximum ion intensity (in mol%) was
brown/dark red to show the distribution of particular lipid
molecular species in each nodule section (Figure 3B;
Supplemental Figure S6B).

The adjusted image maps reveal dramatic differences in
distributions of PC species in + P nodules (Figure 3B;
Supplemental Figure S6B). For example, PC 34:2 and 36:5
have high distribution in the root tissue attached to the
nodule, while PC 36:5 shows fairly high distribution in the
central parts of the nodule (Figure 3B). In contrast, PC 36:2
and 38:5 have a similar distribution in nodules but are not
as abundant in root tissue. PC 36:2 and 38:5 species are not
found as distally in nodules as 36:5. Other PC species, for ex-
ample, PC 34:1 and 36:4, show higher abundance in the nod-
ule epidermal, parenchymal, and vascular regions, with lower
accumulations in the nodule’s central region (Figure 3B).
Other species, for example, PC 36:3 and 36:6 show a rela-
tively uniform distribution across the nodule (Figure 3B;
Supplemental Figure S6B). Thus, these data show that in M.
truncatula + P nodules, PC species differentially accumulate
in different regions of nodules.

Different nodule PC species show differential spatial
changes in P stress
We sought to determine changes in PC distribution in –P
nodules as compared to + P nodules using MALDI–MSI

Figure 2 Schematic showing the MALDI–MSI method. A, A laser is rastered over a DHB-coated nodule cross-section in a series of spot points
with a given x–y coordinate. The example shown is a nodule cross-section of M. truncatula R108 (25 mm). B, The analyte ions produced are di-
rected to a mass spectrometer, where their m/z values are measured. C, Metabolites are identified, and images are generated using Metabolite
Imager. For example, PC 36:4 and PC 36:2 as shown.
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(Figure 3, C and D; Supplemental Figure S6, C and D). Maps
created at the same intensity scale showed that most PC
species declined in abundance in –P nodules, in agreement
with the quantitative results determined by the ESI–MS
analysis (Figure 3C; Supplemental Figure S5A). To compare
whether there were changes in distribution of particular PC
species in –P nodules compared with + P nodules, we used
image maps for –P nodules that were scaled to the same
mol% values used in + P nodules (compare Figure 3, B and
D; Supplemental Figure S6, B and D). These data revealed
that many PC species changed distribution in response to P
stress. For instance, PC 34:2, 36:2, 36:5, and 38:5 species were
found in lower abundance across the nodule in –P condi-
tions. These PCs were also found to be consistently lower in
the ESI–MS lipidomic analysis (Supplemental Figure S5A).
Curiously, PC species 34:3 had higher distributions in the dis-
tal part of nodule zone II in –P conditions. PC species 34:1
and 36:4 showed relatively similar localization pattern with
higher abundance in the peripheral tissues of + P nodules,
PC 34:1 was less abundant in –P nodules and PC 36:4 was
found at higher abundance in the central part of –P nodules
(Figure 3, B and D). In a similar vein, PC 36:2 and 38:5 spe-
cies, which were both abundant in the central parts of + P
nodules, were both observed to have lower distribution in –
P nodules, but PC 38:5 had fairly high abundance in the
proximal parts of the –P nodule (Figure 3, B and D). PC 36:5
also had lower abundance in –P nodules compared to + P

(Figure 3, B and D). Some PC species did not show major
changes in spatial distribution in –P nodules compared to
+ P nodules; their image maps are shown in Supplemental
Figure S6. Unfortunately, we were not able to image
the non-P containing GLs (MGDG and DGDG) in nodule
sections. This is likely because of ion suppression caused by
PC (Supplemental Figure S7; Supplemental Dataset 1).
The phenomenon of ion suppression caused by PC has been
observed previously (Petkovic et al., 2001; Fuchs et al., 2009,
2010; Emerson et al., 2010; Horn et al., 2012; Woodfield
et al., 2017; Stopka et al., 2018; Colin and Jaillais, 2020).

Validation of the differences in PC distribution in
dissected nodules
There are known limitations of the MALDI–MSI technique,
which include ion suppression, lack of absolute quantitation
(Horn et al., 2012; Woodfield et al., 2017), and the observa-
tion that a longitudinal section does not represent the en-
tire nodule in three dimensions. To address this, we used a
second approach to compare and validate the differences in
spatial distributions observed by MALDI–MSI. Twenty-eight
days post-inoculation (dpi) nodules from plants grown in
+ P and in –P conditions were dissected into distal (approxi-
mately ZI to ZII), central (IZII/III and ZIII), and proximal
(proximal zone III–IV) sections (Figure 4A). We extracted
lipids from the separated nodule sections and subjected
them to ESI–MS to determine the PC species composition

Figure 3 MALDI–MSI of PC metabolites in M. truncatula nodules. A and B, Bright-field images of nodule cross-section (25 mm) before coating
with DHB matrix grown under + P. C and D, Bright-field images of nodules cross-section (25 mm) before coating with DHB matrix grown under –
P is shown on the left. A and C, Distributions of selected PC molecular species are shown with fixed mol% to show absolute distribution profiles. B
and D, Adjusted mol % to show relative distribution profiles. Bars = 500 mm. Proximal zone is indicated by arrowhead and distal zone by arrow.
MALDI scale shows mol% with green and red representing low and high levels, respectively. Representative images of N = 5 each for + P and –P.
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of each. The resulting data were compared to those
obtained from nodule MALDI–MS images that were
“virtually” sectioned (Figure 4B), followed by a computa-
tional determination of the intensity of PC species in each
virtual section (Figure 4B). Comparison of the ESI–MS to
MALDI–MS results showed reasonable agreement with each
other. Our results showed that PC 34:3 was similarly abun-
dant in all nodule zones in + P nodules. In –P nodules sta-
tistically significant differences were found similarly when
comparing distal to central and distal to proximal areas in
both ESI–MS and MALDI analyses (Figure 4, C and D).
Differences between central and proximal regions in –P
were not significantly different. For PC 36:2 ESI–MS analysis
showed relatively uniform concentrations of this PL in all
three nodule areas. In contrast, MALDI results showed statis-
tically significant differences in + P conditions when com-
paring distal to central and distal to proximal areas of the
nodule (Figure 4, C and D). PC 36:5 and PC 38:4 were found
at similar abundance in + P and –P nodules with one ex-
ception, PC 38:4 was found to be significantly lower in the
central area of the nodule compared to the proximal area of

the nodule in ESI results; in comparison MALDI showed a
similar distribution of PC 38:4 in these zones (Figure 4, C
and D). PC 38:5 was found to be similarly distributed in –P
nodules by each analysis with the highest abundance in the
proximal part (Figure 4, C and D). However, it was signifi-
cantly lower in distal compared to the proximal part of + P
nodules by MALDI–MSI. Similar differences in trend be-
tween ESI–MS and MALDI–MS were also observed for PG
34:4 in a study on maize leaf (Due~nas et al., 2017).

Discussion
P deficiency is one of the limiting factors adversely affecting
worldwide legume growth and productivity (Tesfaye et al.,
2007). Legumes that are nodulated and fixing N2 are known
to have a higher demand for P than those grown on mineral
N (Graham, 1981; Vance et al., 2003; Sulieman and Tran,
2015). Processes that contribute to N2-fixing legumes’ high P
requirement include the high energy required for nitroge-
nase to function at a high level, signal transduction/enzyme
regulation particularly those pathways regulated by protein
phosphorylation, nucleic acid biosynthesis, and membrane

Figure 4 Comparison of ESI–MS and MALDI–MSI results for PC species in different sections of dissected nodules. A, Bright-field image of a nodule
dissected into distal, central, and proximal sections used for ESI–MS analysis. B, Virtually dissected nodule into distal, central, and proximal sec-
tions used for MALDI–MSI analysis. C, Quantitative data of representative PC species obtained from distal, central, and proximal nodules sections
using ESI–MS. Values are expressed as total lipids (nmol/mg DW of tissue) after normalizing with the amount of respective standards. D,
Representative PC species obtained from distal, central, and proximal nodules sections using MALDI–MSI are expressed in intensities count per
second; values are mean ± SD (N = 5). Error bars indicate SD. Asterisks indicate a significant difference between the control plants ( + P) and test
plants (–P), as determined using one-way ANOVA analysis; *P 4 0.05; **P 4 0.01; ***P4 0.001.
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lipid biosynthesis and homeostasis (Graham and Vance,
2000).

This study focused on membrane lipid homeostasis in M.
truncatula plants undergoing severe P deficiency. We con-
firmed that M. truncatula growth was impaired in P depriva-
tion compared to control P replete ( + P) plants in our
aeroponic growth system (Supplemental Figures S1 and S2),
showing that M. truncatula plants were stressed similarly to
those in previous studies on P deprivation in M. truncatula
(Sulieman et al., 2013a, 2013b), M. sativa (Sulieman et al.,
2013a, 2013b), rice (Li et al., 2001), A. thaliana (Williamson
et al., 2001; Morcuende et al., 2007), common bean
(Hernandez et al., 2007; Hernandez et al., 2009), white lupin
(Schulze et al., 2006), and switchgrass (Ding et al., 2020).

The glycerolipid composition of Sinorhizobium-nodulated
M. truncatula leaves and roots (Figure 1, A and C;
Supplemental Figures S3 and S4) was found to be similar to
that observed in Bradyrhizobium-nodulated soybean leaves
and roots (Gaude et al., 2004; Narasimhan et al., 2013)
with plastidial DGDG and MGDG species found in highest
abundance in leaves, and PC and PE species in highest
amounts in roots. M. truncatula nodule glycerolipid content
was also found to be similar to that of soybean (Gaude
et al., 2004), with a similar profile as roots, but with more
PG found in nodules as compared to roots (Figure 1E). As a
symbiotic organ, a fraction of the glycerolipid content in
nodules comes from the internalized bacteroids, which in
the larger, determinate Bradyrhizobium-soybean nodules
contain predominantly PE, PC, PG, and PI in their mem-
branes (Gaude et al., 2004). To our knowledge, the polar
lipid composition of the bacteroids from S. meliloti-M. trun-
catula nodules has not yet been assessed, but since PG is a
prominent lipid found in free-living S. meliloti (Lopez-Lara
et al., 2005), the increased PG found in nodules compared
to roots may come from the bacteroid component of nod-
ules. The lipid profiling results reported here show higher
content of PC than PE in roots and nodules (Figure 1, C and
E). This differs from lipid compositions found in soybean
(Gaude et al., 2004) and in a previous M. truncatula study in
genotype A17 (Si et al., 2019), who observed more PE than
PC in roots and nodules. The differences might be attribut-
able to the different growth conditions employed in the dif-
ferent studies and the different species and M. truncatula
genotypes studied.

In P deprived M. truncatula, we observed changes in glyc-
erolipid composition that were overall similar to those ob-
served previously in soybean (Gaude et al., 2004) and M.
truncatula (Si et al., 2019). Leaves, roots and nodules showed
increases in GLs MGDG and DGDG, as anticipated (Figure 1,
B, D, and F), although PC still comprised the largest single
class of glycerolipid in roots and nodules (Figure 1, D and F).
The increases in the non-P-containing GLs during P stress in
the roots and nodules instead of PLs is likely necessary to
conserve P for other essential biological processes like bio-
synthesis of nucleic acids, phosphorylated sugars, and signal-
ing by phosphorylated proteins. In –P nodules, similar to

+ P nodules, PL species detected in our study could originate
from bacteroid membranes. We note that S. meliloti pos-
sesses three Pi transport systems each of which is sufficient
for SNF in alfalfa, M. truncatula’s close relative, in normal
+ P conditions (Yuan et al., 2006). It is not yet known how
these are regulated in internalized bacteroids of nodulated
plants when P is depleted from the environment.

One of the advantages of studying the effect of P depriva-
tion on membrane lipids in M. truncatula is that its indeter-
minate nodules make it possible to examine whether
specific PLs change abundance at different stages of symbi-
otic development using the developmental gradient found
in the continually differentiating nodules. MALDI–MSI, a
semi-quantitative technique, allows visualization of metabo-
lites at the tissue level with fairly high resolution
(Gemperline et al., 2015). For membrane lipids, MALDI–MSI
is currently limited to abundant and well-ionizable PLs and
has the advantage of being able to discriminate their degree
of unsaturation. PC is the most abundant membrane lipid
in nodules and possesses a quaternary ammonia group con-
taining a permanent positive charge (Fuchs et al., 2010;
Horn et al., 2012; Woodfield et al., 2017). Therefore, detec-
tion of PC species is sensitively detected in complex lipid
mixtures or tissue sections than other less abundant or
poorly ionizable molecular species (Petkovic et al., 2001;
Emerson et al., 2010; Fuchs et al., 2010; Horn et al., 2012;
Woodfield et al., 2017; Stopka et al., 2018; Colin and Jaillais,
2020). To address the question of PC distribution in nodules,
we used this technique. Our results (Figure 3, A and B)
showed spatial heterogeneity of many PC species in nodules
that are obscured when using regular analytical extraction-
based techniques. The differences in spatial distribution of
PC species observed here open the possibility that there
may be cell- and tissue-specific regulation of membrane lipid
metabolism during nodule development. We then used
MALDI–MSI to address PC distribution in –P nodules, with
our results showing a markedly different spatial heterogene-
ity for many PCs from patterns observed in + P nodules
(Figure 3). Traditional organic extractions of membrane lip-
ids of dissected nodule sections followed by with ESI–MS
analysis of PC content for selected PC species showed strong
associations with virtual MALDI–MSI sections (Figure 4), val-
idating the comparison. For example, the MALDI–MSI
results show that PC 38:5 abundant in + P inner nodule tis-
sues changes localization to several cell layers at the distal
end of –P nodules (compare Figure 3, B with D). In contrast
PC 36:4, different from PC 36:5 by one desaturation step
each, is found in peripheral nodule cells in + P conditions,
while in –P nodules was found as an abundant species in
the central nodule zones. These data suggest that other
membrane lipid species in addition to PC, particular fatty
acid biosynthetic enzymes, and specific desaturases may be
differentially regulated in nodule cells at different stages of
nodule cell maturation and in + P versus –P environmental
conditions. Another possibility is that different PC species
may be better substrates for MGDG and DGDG synthetases
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(Si et al., 2019), which may themselves be heterogeneously
distributed spatially in nodules.

To fully understand the spectrum of membrane lipid pat-
terning in P deprived nodules compared to those from
legumes grown in P replete conditions will require new
methods to quantitate and image PL and GL accumulation
and turnover at tissue and cellular resolution (Stopka et al.,
2017, 2018; Agtuca et al., 2020; Colin and Jaillais, 2020). GLs
will be of interest to localize in nodules because they are
found in nodules and increase during P deprivation (Gaude
et al 2004, Si et al. 2019; this study). However, the ion sup-
pression caused by PC in nodules interferes with GL detec-
tion in the same tissue using MALDI–MSI (Supplemental
Figure S7; Supplemental Dataset S1). Ion suppression by PC
of other lipids has been previously observed and discussed
(Petkovic et al., 2001; Fuchs et al., 2009; Emerson et al., 2010;
Fuchs et al., 2010; Horn et al., 2012; Woodfield et al., 2017;
Stopka et al., 2018; Colin and Jaillais, 2020). Thus, technologi-
cal advances are needed to localize GLs and less ionizable
PLs found in cell membranes (Agtuca et al., 2020; Colin and
Jaillais, 2020).

PC species are abundant membrane lipids that are mostly
thought of as structural lipids as compared to less abundant
PLs, like PI species, that have additional well-established sig-
naling roles (Boss and Im, 2012; Noack and Jaillais, 2020).
When one considers PC in structural roles, our results sug-
gest the possibility that modifying plants to engineer higher
abundance of PC species to favor those species found in
higher amounts in the N-fixing zones of nodules could result
in altered, perhaps increased, SNF efficiency. The distinction
between structural and signaling roles for PCs are becoming
blurred, with the finding that flowering time in Arabidopsis
is influenced by PC content and that florigen FLOWERING
LOCUS T binds preferentially to PC species with 18:3 fatty
acids in vitro (Nakamura et al., 2014). Plants that are engi-
neered to contain higher 18:3 fatty acid have been shown to
flower later than controls (Arondel et al., 1992). Together
these data suggest that specific PC species or their metabo-
lites could have signaling roles (Colin and Jaillais, 2020).
Thus, we speculate that in nodules, different PC species may
have specific roles, signaling as well as structural, in different
zones of M. truncatula nodules and that these roles may
change in P deprivation. We further suggest that other
membrane lipids, such as GLs and other PL species are likely
to demonstrate non-homogeneous spatial distribution in
nodules and this is likely to be of functional importance.
Because of the technical challenges in localizing these mole-
cules spatially, especially at the subcellular level, it is not
possible to speculate about function. It is known that alter-
ing the GL composition by modifying DGDG abundance in
nodules alters nodule function (Si et al. 2019), but the
mechanism by which nodules are functionally altered, or
which intracellular membranes are affected, is not yet clear.
Further work to investigate whether manipulating the mem-
brane lipid composition in nodules could alter nodule

function and/or P deprivation effects on N fixation will ad-
dress issues about particular membrane lipids and function.

Materials and methods

Plant growth conditions
Seed collection, surface sterilization, and germination

Medicago truncatula R108 wild type (WT) pods were
crushed to release their seeds. Seeds were scarified with con-
centrated H2SO4 for 5 min, rinsed in sterile water, surface
sterilized with 6% (v/v) sodium hypochlorite for 1.5 min, and
rinsed with sterile water. The seeds were then imbibed in
sterile water for 3 d at 4�C in the dark. Seeds were subse-
quently placed on 1% water agar petri dishes for germina-
tion. The plates were inverted and kept in the dark at room
temperature (RT) for 2 d to allow seeds to germinate.

Plant growth in aeroponic systems

Germinated seedlings were grown using aeroponic chamber
systems prepared similarly as those described in the
Medicago handbook (Barker et al., 2006) and previously
(Veereshlingam et al., 2004). Briefly, our aeroponic chamber
is a 20 gal. trashcan (Rubbermaid, Atlanta, GA, USA) modi-
fied with a black Plexiglas lid containing 4 mm holes to ac-
commodate seedlings. It is powered by a misting humidifier
(Defensor 505; Texas Air Systems, Irving, TX, USA) sealed
with silicone sealant. Plants were grown in two aeroponics
chambers side by side. Lullien’s medium was used for
growth (Lullien et al., 1987). Lullien’s medium contains
5 mM NH4NO3, 0.52 mM K2SO4, 0.25 mM MgSO4, 1 mM
CaCl2, 50mM Na2EDTA, 30mM H3BO3, 10mM MnSO4,
0.7mM ZnSO4, 0.2mM CuSO4, 0.1mM Na2MoO4, 0.04mM
CoCl2, 23.7mM FeSO4, 33.2mM FeCl2, and 5.5 mM potassium
Pi buffer at pH 6.9. Seedlings were grown in full Lullien’s
medium for 5 d to encourage robust growth, then in
Lullien’s medium without 5 mM NH4NO3 for 5 d to induce
N starvation. Then media was changed to fresh Lullien’s me-
dium without 5 mM NH4NO3 for + P plants. For the –P
plants, fresh Lullien’s medium without 5 mM NH4NO3 and
without potassium Pi buffer was used. 1 M KOH was added
as a potassium source and to adjust the pH to 6.9. Plants
were inoculated with S. meliloti Rm41 and grown for
4 weeks.

Plant phenotypes
Plants were phenotyped at 28 dpi. Plant fresh and DW were
measured. Plants and nodules were photographed by cam-
era (Canon model PC1562; Canon USA, Huntington NY,
USA) and microscopically (Leica dissection microscope,
MSV269; Buffalo Grove, IL, USA). Nodule length and width
were measured, and lateral roots were enumerated. The
ARA was used to measure nitrogenase activity (Dilworth,
1966). Glass bottles (38 mL) were preloaded with 1 mL of
Lullien’s medium with Pi and without Pi in order to main-
tain the consistency of the growth conditions for + P and –
P plants, respectively. The bottles were sealed with gas-tight
rubber cap. Immediately, 3.7 mL gas was withdrawn from
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the bottle with a gas-tight syringe and 3.7 mL of acetylene
was introduced back in the bottle. Plants in acetylene-
contained bottles were maintained at RT and after 2 h
300mL of gas was removed from the bottle and injected
into a gas chromatograph –flame ionization detector
(Shimadzu GC-14A Gas Chromatograph, Dallas, TX, USA) to
quantitate the amount of acetylene reduced to ethylene.
Haysep T80/100 column (*6’ x 1/8" stainless steel) from
Alltech (Maynooth, Ireland) was used. Helium was used as
the carrier gas. The GC conditions were as follows: injection
temperature 120�C, constant isothermal column tempera-
ture at 55�C, and detector temperature 120�C. Fifteen plants
were randomly sampled from + P and –P treatment condi-
tions for determining plant fresh weight, DW, lateral root
number, and nodule number. Fifteen individual nodules
were arbitrarily picked from plant subjected or not to P
stress for estimating nodule length, nodule width, nodule
fresh weight, and nodule DW. For ARA five replicates from
each growth conditions were used. One-way analysis of vari-
ance (ANOVA) was used to determine the statistical signifi-
cance. Data from at least two independent experiments
were used for this and all following experiments.

Total P and inorganic Pi quantitation
Fifteen to 30 mg of tissues were collected, frozen, and
ground to a fine powder in liquid N. The ground tissues
were suspended in 1% glacial acetic acid and vortexed thor-
oughly. Cellular debris was separated by a brief centrifuga-
tion and aliquots of the solution were assayed for Pi using a
phosphomolybdate colorimetric assay as described previ-
ously (Chiou et al., 2006). For total P quantification, tissues
were ashed, hydrolyzed, and subjected to colorimetric assay
(Chiou et al., 2006). One milliliter of media was collected
daily for 28 d from + P and –P growth conditions to assay
amount of Pi in the growth media using colorimetric assay
described in (Chiou et al., 2006). Six replicates of each
growth conditions for each tissue type (leaves, roots, and
nodules) were processed and analyzed. One-way ANOVA
test was used to determine the statistical significance. Data
from two independent experiments were used for inorganic
Pi and total P experiments.

Lipid extraction and profiling
Leaves, roots, nodules, and nodules sections sliced with razor
blades from 28 dpi M. truncatula plants were lyophilized at
–80�C. Lipids were extracted from the tissues as described
in (Shiva et al., 2013). Briefly, lyophilized tissues were homog-
enized in hot (75�C) isopropanol with 0.01% butylated hy-
droxytoluene and incubated at 75�C for 15 min to inactivate
endogenous phospholipases. After incubation, a stream of N
was used to evaporate the extract. The dry extract was dis-
solved in 1 mL CHCl3 and stored at –20�C. Lipid samples
were analyzed using an ESI triple quadrupole mass spec-
trometer (ABI 3000; Applied Biosystems, Foster City, CA,
USA). Internal standards were used for quantification of PL
and GL species. The internal standards for GLs were
1.665 nmol 16:0–18:0-MGDG, 1.405 nmol di18:0-MGDG,

0.44 nmol 16:0–18:0-DGDG, and 1.48 nmol di18:0-DGDG,
purchased from the Kansas Lipidomics Research Center
(Manhattan, KS, USA). The internal standards for PLs were
0.6 nmol di14:0-PC, 0.6 nmol di24:1-PC, 0.3 nmol di14:0-PE,
0.3 nmol di24:1-PE, 0.3 nmol di14:0-PG, 0.3 nmol di24:1- PG,
0.3 nmol di14:0-PA, 0.3 nmol di20:0 (phytanoyl)-PA, 0.2 nmol
di14:0-PS, 0.2 nmol di20:0 (phytanoyl)-PS, 0.287 nmol
16:0–18:0-PI, and 0.105 nmol di18:0-PI. We used the previ-
ously determined limit of detection (0.002 nmol) to filter lip-
ids for analysis (Devaiah et al., 2006). The quantity of each
lipid was determined after normalizing with the amount of
the internal standard added and later expressed in per milli-
gram DW of tissue. Five replicates of each treatment for
each tissue type (leaves, roots, and nodules) were processed
and analyzed. One-way ANOVA test was used to determine
the statistical significance. Data from two independent
experiments were used for lipidomic analysis.

MALDI–MSI
Twenty eight dpi nodules were fixed under vacuum with 4%
paraformaldehyde in 50 mM piperazine-N,N0-bis(2-ethanesul-
fonic acid) (PIPES)-NaOH, pH 7.2 buffer for 15–45 min at
RT. Nodules were rinsed 3 times with 50 mM PIPES-NaOH
pH 7.2 for 10 min each rinse, replacing the buffer after each
wash. A 10% (w/v) porcine gelatin solution in deionized wa-
ter was prepared and equilibrated in a 37�C water bath
with shaking for 2 h. Fixed nodules were embedded in the
gelatin solution, flash frozen at –80�C at least overnight, and
then were transferred to –20�C for 48 h prior to sectioning.
Embedded nodules were sectioned at 25-lm tissue thickness
using a cryo-microtome (Leica CM1950, Leica Microsystems,
Buffalo Grove, IL, USA). Sections were collected using for-
ceps and then placed on Superfrost microscope slides
(Fisherbrand, 12-544-7). Slides with the thaw-mounted sec-
tions were lyophilized for 3 h, then used immediately for
MALDI–MSI. All MALDI–MSI occurred within 12 h of cryo-
sectioning. Bright-field images were taken of all sections
used for MALDI–MSI using Leica microscope MSV269.

For MALDI–MSI, the matrix 2,5 dihydroxybenzoic acid
(DHB) was used for analysis of PLs and GLs (MGDG and
DGDG). DHB was applied by sublimation using an adapted
method developed from (Hankin et al., 2007). MALDI–MSI
data were collected on a hybrid MALDI-LTQ-Orbitrap XL
mass spectrometer (Thermo Scientific, Waltham, MA, USA).
The instrument laser was equipped with an N laser with a
spot size of �40lm. MALDI–MSI data acquisition condi-
tions were as follows: laser energy was 16-mJ/pulse, a raster
step size of 40lm, 10 laser shots per raster step with zero
sweepshot. Data were acquired using the Orbitrap mass ana-
lyzer with a resolution of 60,000, between an m/z scan range
of 700–1,200. Raw mass spectra were processed into
MALDI–MS images using ImageQuest software (Thermo
Scientific). Images were generated using Metabolite Imager
software (Horn and Chapman, 2014) and plotted as mol%
on a color scale of green (low mol%) to red (high mol%).
Imaging of PC molecular species are sums of intensities of
[M + H] + adducts. Each nodule image was carefully
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dissected virtually using the Metabolite Imager filter into
distal, central, and proximal zones (Figure 4B) and in or-
der to determine the amount of PC content for the zonal
profiling study. Five individual nodules from different
plants grown in + P and –P conditions were used for
MALDI–MSI. One-way ANOVA was used to calculate the
statistical differences. One independent experiment was
done for MALDI–MSI.
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