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Figure 1.

Application of NanoSIMS-""N,-FISH in studying nitrogen-fixing cyanobacteria. A: Principle

overview of NanoSIMS. B: Schematic diagram of filamentous cyanobacteria. H: heterocyst; V: vegetative cell; P:
pore channel; S: septum with microplasmodesmata; T: thylakoid membranes; dotted line, outer layers of
heterocyst“gl. C: Fluorescence image (a), NanoSIMS secondary-electron images (b), and the distribution of PN
in a microbial consortium consisting of filamentous cyanobacteria (Anabaena sp. strain SSM-00) and
Alphaproteobacteria (Rhizobium sp. strain WH2K) after FISH with probe ALF968 (c)!""!.
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Table 1. Comparison between single-cell NanoSIMS and Raman spectroscopy in investigating nitrogen-fixing
microorganisms

Technical differences NanoSIMS Raman spectroscopy

Spatial resolution 50 nm -2 um

Detection sensitivity of "N Down to '°N natural abundance of 0.367%

isotopic composition
[SN/(SN+N)]
Microbial samples

preparation

Samples damage during Destructive detection, downstream analysis are
testing not allowable

Instrument availability Poor

Microorganisms need to be fixed and dried.
Aqueous and volatile samples are not applicable aqueous, and volatile samples

More than 10%

No necessity to fix and applicable to air-drying,

Non-destructive detection, enabling downstream
analysis such as cell sorting, gene amplification,
sequencing and cultivation

Good

actamicro@im.ac.cn
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Figure 2. Application of Single-cell Raman microspectroscopy in studying nitrogen-fixing
cyanobacteria®®!. A: Principle overview of the Raman microspectrometer. B: Single-cell Raman spectra of
the heterocyst and neighboring vegetative cells of Anabaena variabilis. C: Typical microscopic images of
filamentous cyanobacteria of Anabaena variabilis (a—f) and Rivularia M-261(g-1). a, g: Bright field image
of a filament with a heterocyst at the terminus. b, h: Image of the total intensity of Raman scattering and
photoluminescence signals integrated over all the detected wavelength range. c, i: Map of selected areas of
individual cells for spectral analysis. Blue and green regions alternately show the selected regions of
individual cells. d, j: Image of the photoluminescence detected in the Raman shift range between 1707 and
1736 cm™'. e, k: Image of a carotenoid Raman band between 1513 and 1528 cm™. f, 1: Image of a phycobilin

Raman band between 1618 and 1633 ¢cm ™.
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Figure 3. Application of single-cell Raman-""N, SIP in studying nitrogen-fixing bacterial®!. A, B:
Photomicrograph (left) and Raman image (right) of bacteria extracted from soil incubated with '°N, for 12 days.

C: Resonance Raman spectra of six N,-fixing bacteria ("°’N-1, 2, 3, 4, 5, 6), one non-N,-fixing bacterium (‘*N),
and one bacterium without Cyt ¢ (no Cyt c¢). Bands at 1114 cm’! (C—ISN) and 1129 cm™’ (C—14N) were used to
construct the Raman images. Red: N,-fixing bacteria. Green: non-N,-fixing bacteria containing Cyt c. Black:

bacteria without Cyt c.
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Table 2. Examples of single-cell NanoSIMS and Raman spectroscopy coupled with stable isotope probing

approaches to investigate nitrogen-fixing microorganisms
Single-cell/SIP Measured data

Symbionts of nitrogen fixing cyanobacteria NanoSIMS, CARD-FISH NanoSIMS, "N/™N images

unicellular cyanobacteria group A [6]
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neighboring vegetative cells
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Application of single-cell stable isotope probing approach to
investigate N,-fixing microorganisms
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Abstract: Biological nitrogen fixation, a process through which nitrogen-fixing microorganisms reduce
atmospheric nitrogen to bioavailable ammonia, is the main source of “new” nitrogen in the environment, regulates
primary productivity and thus affects the balance of nitrogen storage. Because most of nitrogen-fixing
microorganisms in the environments are yet uncultured, culture-independent single-cell techniques with a
high-level spatial resolution have become a powerful tool for studying nitrogen-fixing microorganisms. In addition,
*N,-stable isotope probing (SIP) provides a very direct means to characterize nitrogen fixation activity based on
the amount or rate of '°N assimilated by microorganisms. This article reviews the latest progresses in applying two
single-cell techniques of nanosecondary ion mass spectroscopy (NanoSIMS) and Raman spectroscopy integrated
with "’N,-SIP for studies of nitrogen-fixing microorganisms, including the discovery of novel active nitrogen-fixing
species and their spatial distribution in the environment, symbiotic relationship with other organisms, cellular
physiological states, etc. Perspective on future study of nitrogen-fixing microorganisms by single-cell Raman
spectroscopy is provided.

Keywords: single-cell technique, NanoSIMS, Raman spectroscopy, '"N,-stable isotope probing, nitrogen-fixing

microorganisms
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