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Abstract

Plants normally obtain the nitrogen required for growth through their roots, often after
application of synthetic fertilizer to the soil, at great cost to the environment and climate.
Inoculation of plant seeds with nitrogen-fixing bacteria is a promising alternative means of
supplying plants the nitrogen they require in an environmentally friendly manner. When
maize seeds inoculated with nitrogen-fixing Gluconacetobacter diazotrophicus (Gd) are grown
for two weeks in a 15N2 air environment, nanoscale secondary ion mass spectrometry
(NanoSIMS) imaging shows the distribution of fixed nitrogen with subcellular resolution,
with the majority being incorporated heterogeneously into chloroplasts. Chloroplasts, as the
chief energy source that drives plant growth via photosynthesis, are vital for healthy plant
growth and these results help explain the observations of enhanced growth rates in plants
containing this nitrogen fixing bacteria. The methodology provides a template upon which
more powerful, correlative studies combining genomic and/or spatial transcriptomic
methods may be based.

eLife assessment

This solid and innovative study explores the uptake of fixed nitrogen in maize
chloroplasts facilitated by symbiotic Gluconacetobacter diazotrophicus bacteria. The
findings provide valuable insights into plant-microbe interactions, particularly
highlighting a symbiotic mechanism of nitrogen delivery independent nodule
formation. Additional controls would help to substantiate the findings and enhance
the overall strength of the evidence.

https://doi.org/10.7554/eLife.98996.1.sa2
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Introduction

Biological nitrogen fixation is exclusively performed by a few species of prokaryotes (bacteria and
ammonia. Plants and other eukaryotes do not possess nitrogenase and are therefore unable to fix
nitrogen. They require fertilization with fixed nitrogen for their optimum growth and yield.
However, the extensive global use of synthetic nitrogen fertilizers has not only resulted in the
pollution of aquatic systems by soluble nitrates, with associated eutrophication and health
hazards, but through soil bacterial activity, the ammonia is converted to nitrous oxide - a potent
greenhouse gas associated with photochemical smog, fine particulate pollution, ecosystem
acidification and climate change 2().

Legume crops, however, are able to establish colonies of symbiotic intracellular nitrogen-fixing
rhizobia bacteria in their root nodules (3@). In addition to legume crops, nitrogen fixing
Gluconacetobacter diazotrophicus (Gd) bacteria were discovered in 1988 in the roots of Brazilian
sugarcane plants (4(2). Gd is a highly versatile diazotroph, having one of the largest clusters of

oxygen concentrations as well as protect the sensitive nitrogenase enzyme from oxygen inhibition
through the interplay of a number factors relating to sucrose, colony structure, the levan
extrapolysaccarharide, the detoxification of reactive oxygen species as well as control of oxygen
through its respiratory pathway (6 -8 ) to enable amino acid, chlorophyll and protein
synthesis. Inoculation of plants with Gd bacteria and other intracellular nitrogen fixing bacteria is
rapidly becoming a priority with potential to substitute for environmentally damaging synthetic
nitrogen-based fertilizers. However, much remains to be learned, for example the exact
mechanism by which bacteria enter the roots of plants after inoculation of seeds and how they
contribute to growth. The aerobic endophytic diazotroph Gd (5541) isolated from sugarcane has

been shown to possess enzymes such as endoglucanase, endopolymethylgalacturonase and

formation.

The techniques used to demonstrate nitrogen fixation in rhizobia have all been used to
demonstrate nitrogen fixation by Gd in colonized plants, and evidence that nitrogen has been
transferred from the atmosphere to the plant using stable isotope labelled l5N2 experiments
combined with bulk isotope ratio mass spectrometer measurements (5%, 8 4, 11 %) have been
reported. However, these experiments lack any spatial data regarding >N incorporation. In this
study, we use Nanoscale secondary ion mass spectrometry (NanoSIMS) imaging to directly
visualize the distribution of fixed nitrogen in various cellular organelles such as chloroplasts with

subcellular resolution (down to ~50 nm for instrumental conditions used).

Results

Isotope ratio analysis by NanoSIMS of a control sample yielded a nitrogen isotope ratio of .0039
(SD =.000420, n = 40). This value is indeed (weakly) statistically significantly different from the
theoretical natural ratio value taken as .0037 at the 95% confidence level (p = .0448; Wilcoxan
signed rank test). However, the results that follow for the experimental samples show
exceptionally high enrichments in I5N such that the small deviation of the control sample from the
theoretical natural value will not impair interpretation of the data. Example raw NanoSIMS
images for 2C14N, 31p, 325 and the derived 2C'>N/'2C'4N image for a leaf taken from a plant
grown in the >N, atmosphere are shown in Fig. 1. Significant uptake of >N into chloroplasts
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(shown by the white arrows in Fig. 1a(@) are clearly observed in the nitrogen isotope ratio images
in Fig. 1e @ and 1f2. The cell nucleus, shown by the red arrow in Fig. 1a @ and identified
through the high 3P signal (Fig. 1b) contributed by the DNA, has also received '°N, but to a
lesser extent compared to the chloroplasts. This type of enrichment was consistent across the
whole leaf (Fig. 1Th@). The data showed no obvious trend in the nitrogen isotope ratio value
measured in the chloroplasts (n = 322) across the length of the leaf except for the sample taken 1
cm from the tip of the leaf, where the highest ratio values were consistently measured across
several analytical sessions conducted over a time span of several months.

The association between the nitrogen isotope ratio in the chloroplasts, nuclei and xylem cell walls
across the entire leaf was also studied, irrespective of position between tip and stem. Regions of
interest (ROIs) from the chloroplasts (n = 322), cell nuclei (n = 17), and xylem cell walls (n = 86)
were generated and the nitrogen ratios from each region measured. The chloroplasts had
significantly higher (p <.0001) nitrogen isotope ratio values compared to those measured in the
nuclei and xylem cell walls, the latter of which were only slightly higher than the natural value.

An additional interesting observation was made within individual chloroplasts when analyzed at
higher spatial resolution as shown in Fig. 2(2. The structure within the chloroplast is clearly
visible within the 124N image (Fig. 2a @), with the darker regions (arrowed) showing a granal
lamellae type structure indicative of thylakoid membranes. These regions, which contain
components of light harvesting and electron transport, had significantly less nitrogen (p < .0001,
Fig. 2c(@) than the stromal regions where the more nitrogen demanding soluble Calvin-Benson
cycle enzymes are located, including Rubisco (13(%), clearly observed in the nitrogen isotope ratio
HSI image shown in Fig. 2b@.

We also sporadically observed areas with spectacular enrichment in >N not associated with
chloroplasts but with Gd-sized structures believed to be individual bacteria. A typical example is
shown in Fig. 1d @ and 1g ™. These regions show immense enrichment in >N (~10,000% to over
~27,000% increase above natural ratio). Note they are adjacent to areas with isotope ratio values
barely above natural, acting as an internal control and indicating that these extremely high values
are not an artefact of instrumental setup or detector miscalibration. Curiously, these regions also
showed high sulphur counts in the raw image data (Fig. 1c@), which could be explained by the
presence and activity of the sulphur-rich nitrogenase enzyme, a necessary ingredient for nitrogen
fixation. This may be a function of the symbiotic relationship with the plant, where the energy
produced by photosynthesis is transferred to the bacteria to drive the nitrogen fixation reaction.

Discussion

The methodology and data presented in this paper provide a means for directly observing the
transport of Gd fixed nitrogen at subcellular resolution in maize plant leaves, driving biosynthesis
and growth using nitrogen sourced from air, rather than synthetic fertilizer. Though NanoSIMS
imaging has been used previously to study transport of gaseous dinitrogen fixed by cyanobacteria
located within cyanobacteria cells in feather mosses in a boreal forest, no indication was given
that it was being taken up by the chloroplasts (14 ), while Tarquinio et al (15%) did observe high

uptake in chloroplasts in seagrass, but in their case the administration of >N was through a 1°N-
labeled amino acid solution rather than gaseous dinitrogen.

The findings reported in the present study may provide the basis of detailed agronomic analysis of
the extent of fixed nitrogen fertilizer needs and yield responses in autonomous nitrogen-fixing
maize plants and may also form part of more powerful correlative studies that also could include
genomic and/or spatial transcriptomic analyses.
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Figure 1.

Raw NanoSIMS images from maize leaf for (a) 2C*N, (b) 3'P, (c) 325, (d) 12C™N, (e) the "2C">N/12C"*N ratio image (log scale,
full data range), (f) 12¢15N 124N ratio image (log scale, reduced ratio scale maximum), (g) 12¢15N 121N ratio image (log
scale, full data range) and (h) distribution of chloroplast nitrogen isotope ratio values across leaf. Actual ratio values are
shown in brackets in the log spectral scale. White arrows point to chloroplasts observed in the image. Red arrow points to cell
nucleus. Blue arrow points to example of single bacteria-like structure with exceptionally high nitrogen isotope ratio.
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Figure 2

(a) High spatial resolution 12c14N image of a single chloroplast showing internal structures typical of thylakoid membranes
(white arrows). (b) The nitrogen isotope ratio image demonstrates that these regions have assimilated significantly less fixed

nitrogen (p <.0001; Fig. 3c) than the surrounding stroma where Rubisco is located.
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Materials and Methods

Details regarding the materials and methods for the inoculation of maize seeds with Gd bacteria
and growth of seedlings for 2 weeks in a 15N2 atmosphere are provided in the supplementary
materials. Leaf sections were prepared for NanoSIMS by chemical fixation of hand sectioned
pieces of the first leaf in 2% (v/v) glutaraldehyde in 0.1M sodium phosphate buffer, pH 7.0, for 24h
at 48°C, dehydrated with graded ethanol, and embedded in LR White medium grade acrylic resin
(Agar, UK) and sectioned at 500 nm thickness with a Leica Ultramicrotome and a Diatome Histo
diamond knife. Sections for NanoSIMS were retrieved from the knife boat and deposited on a
S5mm x 5mm silicon wafer.

NanoSIMS imaging was performed using a Cameca NanoSIMS 50L (Gennevilliers, France) using a
Cs* primary ion beam (16 keV impact energy/ion) with simultaneous detection of negative 12C>
160~ 12¢14N~ 12¢15N~ 31p- and 325", The incorporation of °N label is observed in the derived
12¢15N/12¢14N isotope ratio images. Further details pertaining to instrumental parameters are
given in the supplementary data and data analysis methods have been previously described (12).
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Materials and Methods

Seeds of maize (Forage maize, Kaspian variety, Hunt Seeds) were surface sterilized in suitably
diluted ‘Domestos’ bleach, c. 5% sodium hypochlorite (Lever Faberge’, Kingston-upon-Thames, UK),
and rinsed in sterile water. Surface sterilized maize seeds were germinated on 15 ml of 0.8% (w/v)
water agar in 9 cm Petri dishes (10 seeds/dish) for 3-4 d in the dark at 28°C and inoculated after
transfer to the Murashige and Skoog (MS) agar medium.

For inoculation, an aqueous suspension of the Gd was prepared to give an optical density at 600
nm of 1.1, or ~ 109 colony forming units (CFU) per milliliter. The number of CFU was determined
by serial dilution, plating on ATGUS medium (with antibiotics as appropriate) and counting
bacterial colonies after 4 d incubation in Petri dishes (28°C, dark). Seedlings growing in jars on MS
agar medium were inoculated with 1 ml aliquots of the Gd around the bases of the stems with the
exception of the control samples, where only distilled water was used. At germination, the
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seedlings were transferred to long test tubes with media having high sucrose but no nitrogen
nutrient. Natural air was removed with vacuum from the test-tubes and replaced with a 70:30
mixture of O, and N, to mimic the air environment. Thus, only 1°N, was present for Gd to fix.
The seedlings were left to grow for two weeks.

The NanoSIMS instrument used in this study (NanoSIMS 50L, Cameca, Gennevilliers, France)
generates quantitative mass images at high spatial (down to ~35-50 nm) and mass resolution
(m/Dm ~10,000) from which nitrogen isotope ratio images can be derived by simultaneously
acquiring images from the light and heavy isotopes of negative secondary cyanide ions (2N
and '2C'°N") produced by the bombardment of the samples with a primary cesium ion beam and
simply dividing the two images. Isotope ratio values can be extracted from the images using a
region of interest analysis, thus enabling the quantitative evaluation of fixed nitrogen
incorporation into specific plant organelles. We raster scanned a 16 keV impact energy Cs*
primary ion beam across the sample and collected negatively charged secondary ions. The
primary ion beam current ranged from ~ 2 pA for the largest field sizes (50 mm x 50 mm) to < 0.5
PA for the smallest field sizes (5 mm x 5 mm). The beam current was largely dictated by the
selected size of the D1 aperture (D1-2 = 300 mm diameter yielding ~ 2 pA primary beam current;
D1-5 = 100 mm diameter yielding < 0.5 pA primary beam current) and primary lens 1 (L1) voltage.
For the highest spatial resolution images, L1 was set at 7500V and D1-5 selected. For all other
images, L1 was set at 2000V. Dwell time per pixel ranged from 2-5 ms/pixel. After checking the
pulse height distributions on all detectors, they were then positioned along the magnet radius to
measure 12C, 160, 12C2, 12C14N, 12C15N, 31p and 3%s. Mass resolving power (MRP) was routinely >
7000 m/Dm, achieved by use of an entrance slit 30 mm in width by 180 mm in height (ES3) and an
exit slit 50 mm in width by 1600 mm in height Data analysis was performed using the OpenMIMS

Statistical analysis was performed using JMP 17 Pro software. Normality of data was evaluated
using Shapiro-Wilk test. Results of these tests indicated non-parametric testing (ie. data deviated
from a normal distribution) would be the most appropriate. Thus, to compare the medians of the
nitrogen isotope ratios of the various organelles, a Steel-Dwass test was used.
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Reviewer #1 (Public Review):

The study uses nanoscale secondary ion mass spectrometry to show that maize plants
inoculated with a bacteria, Gd, incorporated fixed nitrogen into the chloroplast. The authors
then state that since "chloroplasts are the chief engines that drive plant growth," that it is this
incorporation that explains the maize's enhanced growth with the bacteria.

But the authors don't present the total special distribution of nitrogen in plants. That is, if the
majority of nitrogen is in the chloroplast (which, because of Rubisco, it likely is) then the
majority of fixed nitrogen should go into the chloroplast.

Also, what are the actual controls? In the methods, the authors detail that the plants
inoculated with Gd are grown without nitrogen. But how did the authors document the
"enhanced growth rates of the plants containing this nitrogen fixing bacteria.” Were there
other plants grown without nitrogen and the Gd? If so, of course, they didn't grow as well.
Nitrogen is essential for plant growth. If Gd isn't there to provide it in n-free media, then the
plants won't grow. Do we need to go into the mechanism for this, really? And it's not just
because nitrogen is needed in the chloroplast, even if that might be where the majority ends

up.

Furthermore, it is not novel to say that nitrogen from a nitrogen fixing bacteria makes its way
into the chloroplast. For any plant ever successfully grown on N free media with a nitrogen
fixing bacteria, this must be the case. We don't need a fancy tool to know this.

The experimental setup does not suit the argument the authors are trying to make (and I'm
not sure if the argument the authors are trying to make has any legitimacy). The authors
contend that their study provides the basis of a "detailed agronomic analysis of the extent of
fixed nitrogen fertilizer needs and growth responses in autonomous nitrogen-fixing maize
plants.” But what is a "fixed nitrogen fertilizer need"? The phrase makes no sense. A plant has
nitrogen needs. This nitrogen can be provided via nitrogen fixing bacteria or fertilizer. But
are there fixed nitrogen fertilizer needs? It sounds like the authors are suggesting that a plant
can distinguish between nitrogen fixed by bacteria nearby and that provided by fertilizer. If
that is the contention, then a new set of experiments is needed - with other controls grown on
different levels of fertilizer.

What is interesting, and potentially novel, in this study is figure 1D (and lines 90-99). In that
image, is the bacteria actually in the plant cell? Or is it colonizing the region between the
cells? Either way, it looks to have made its way into the plant leaf, correct? I believe that
would be a novel and fascinating finding. If the authors were to go into more detail into how
Gd is entering into the symbiotic relationship with maize (e.g. fixing atmospheric nitrogen in
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the leaf tissue rather than in root nodules like legumes) I believe that would be very
significant. But be sure to add to the field in relation to reference 9, and any new references
since then.

Also, it would be helpful to have an idea of how fast these plants, grown in n free media but
inoculated with the bacteria, grow compared to plants grown on various levels of fertilizer.

https://doi.org/10.7554/eLife.98996.1.sa1

Reviewer #2 (Public Review):

Summary:

In agriculture, nitrogen fertilizers are used to allow for optimum growth and yield of crops.
The use of these fertilizers has a large negative impact on the environment and climate. In
this report McMahon et al. have inoculated maize seeds with a nitrogen fixing bacterium:
Gluconacetobacter diazotrophicus. It has been demonstrated before that nitrogen fixed by
this bacterium can be incorporated in a plant. In this study the spatial distribution of the
incorporated nitrogen was revealed using NanoSIMS. The nitrogen was strongly enriched in
the chloroplasts and especially the stromal region where the Calvin-Benson cycle enzymes
are located.

Strengths:

The topic is very interesting as nitrogen supply is of great importance for agriculture. The
study is well designed, and the data convincingly show enrichment of 15N (fixed by the
bacterium) in the chloroplasts.

Weaknesses:

Some of the data that is discussed is not presented in the (supplement) of the paper. First, in
the abstract it is mentioned "help explain the observation of enhanced growth rates in plants
containing this nitrogen fixing bacterium". It is unclear if this refers to literature or to this
study. Either, it should be mentioned in the introduction, or the data should be shown in the
paper. Second, it is mentioned that the chloroplast had a significantly higher nitrogen isotope
ratio value compared to the nuclei and the xylem cell walls. Please provide the numbers of
the ratios (preferably also an image of the xylem cell wall) and the type of statistical analysis
that has been performed.

The paper could benefit from a more in-depth analysis of why the nitrogen isotope ratio is
higher in the chloroplast. It seems to be correlated with the local nitrogen abundance, did the
authors plot the two against each other? What would it mean if it is correlated? What
minimal nitrogen concentration/signal should there be to make a reliable estimate of the
ratio? Does the higher ratio mean that the turnover rate of the Calvin-Benson cycle enzymes
is higher than for other proteins?

For the small structures that could be the nitrogen fixing bacteria the 15N enrichment is up to
270x the natural ratio. Does this mean that 100% (270*0.0036=1) of their nitrogen is fixed
from the provided atmosphere?

Could one also provide the absolute ratio in the chloroplasts? It would be nice if the authors
discuss, based on their data, the potential of using nitrogen fixing bacteria to provide
nitrogen to crops.

https://doi.org/10.7554/eLife.98996.1.sa0
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