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Talk Outline

1. Science at Department of Energy National Laboratories

2. Approach to linking microbial identity and biogeochemical function 

(stable isotopes + NanoSIMS)

3. A few examples of applying this approach

1. Bacterial organic matter cycling

2. Interactions between bacteria and microalgae



DOE National Laboratories

Total = 60,000 employees
https://www.energy.gov/maps/doe-national-laboratories



Lawrence Livermore National Laboratory

5,800 employees
Armed guards at the gate
Free bikes!
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Current capabilities 

Research Goals: quantitative understanding of microbial 
control of biogeochemistry 

diversity

function chemistry

Ultimate goal

lipids

proteins

polysaccharides

Organism-specific quantitative 
measures of biogeochemical activity

NH4
+

CO2

acetate



General Approach: Stable isotope additions to trace metabolism 
in complex communities

The LLNL NanoSIMS

15N213CO2

1. Incubate sample in stable 
isotope labeled substrates

2. Organisms that use the 
substrates get labeled

3. Harvest, remove excess 
substrate

4. Use NanoSIMS to quantify 
substrate use by microbes

NanoSIMS analysis 
quantifies isotope 
incorporation





Method #1: Chip-SIP (Stable Isotope Probing of Microarrays)
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Fluorescence (how 
much RNA is 
hybridized)

15N/14N (how much 
isotope enrichment)

We can quantify the relative isotope incorporation by multiple 
organisms living together

SF Bay water + 15NH4
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generalists

Quantifying the relative isotope incorporation of multiple 
substrates incubated side by side
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Quantifying the relative incorporation of 14 substrates? 
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We can zoom in on a specific process (e.g. starch degradation)

13C 
glucose

13C 
maltose

13C 
starch

flavo_2

rhodo_1

rhizo_1roseo_4

lotka_1

delta_1

roseo_8

verru_1
opitu_1

roseo_1

altero_1A
SAR92_1

glucose

OM60_5

OM60_4

oceano_1

oceano_4

OM60_1

NS5_1

syntropho_1

BD1-5_1

polari_1
flavo_1

roseo_3
roseo_12

SAR116_1

roseo_7

roseo_11

SAR86_2

naxibact_1

OM27_1  maltose

rickett_1

aegean169_1

amoebophr_1

ciliate_1
ciliate_2

dino_2dino_3
SAR406_1

flavo_8

thiobaci_1

sapro_2

NS9_2marino_1
NS5_2

lewine_1
flavo_3 flavo_7

verru_2
OM60_3OM60_2

NS2b_1
crocini_1NS9_1

flavo_6

TA18_1fluvii_2

fluvii_1
NS4_1

sapro_1

crocini_2

oceano_3
oikopleura_1

flavo_5

 starch

Pacific water +

Mayali & Weber in review



Simultaneous 15N and 13C analysis to quantify C/N resource 
use
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Different microbial groups more active at different substrate 
concentrations
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Microbial activity changes over time
uncolonized diatom detritus

Pacific coast (1 micron filtered), 
incubated for ~2 weeks with diatom 
particles in the laboratory
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Method 2: NanoSIP (analysis of whole cells)

15N213CO2

NanoSIP
1. Incubate sample in stable 

isotope labeled substrates
2. Harvest, remove excess 

substrate and disperse
3. Use NanoSIMS to quantify 

substrate use by single cells

Cs+

analysis 
beam

NanoSIP analysis 
locates cells that 
use the substrate

R. Stocker, ETH Zurich



Using NanoSIP to study interactions between heterotrophic 
bacteria and autotrophic algae (and their organic matter) 

H13C03
-H13C03

-13C02biomassexudation 

15N-leucine

Autotroph (microalgae)



Impact of temperature on marine microbial activity

control + 4°C
+15N-leucine (50 nM), + H13C03

- (100 µM), 12 hour incubations
Arandia et al. 2017 ISME J

Hypothesis: increased 
temperature influences the 
coupling between autotrophy and 
heterotrophy
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Isotope imaging identifies heterotrophs attached 
to autotrophs and quantifies their C/N exchange
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Temperature affects autotroph-heterotroph 
attachment and cell-specific activities
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+ 4°C = increased bacterial C and N incorporation
Attachment increased C incorporation



Cyanobacteria incorporate extracellular C and N

Stuart et al. 2015 ISME J, Stuart et al. 2016 mBio

(28), as shown in Fig. 3. A C/N relative assimilation value of 1.0
indicates that C and N were incorporated in equivalent amounts
from the substrate. For cyanobacteria, we compared C/N relative
assimilation values at the 6-h time point so that we could include
the DCMU treatment as well as the continuous dark and diel
regimes. Mean C/N relative assimilation values were 1.25 ! 0.1
and 1.29 ! 0.12 at 6 h in the diel and dark regimes, respectively,
indicating a significant C preference in assimilation from the sub-

strate. Photosynthesis inhibition with DCMU at 6 h resulted in a
cyanobacterial C/N relative assimilation value of 0.57 ! 0.04, in-
dicating that under normal conditions, a fraction of the EOM-
derived C was taken up as DIC. This also indicates that chemo-
lithoautotrophy among the noncyanobacterial microbes (referred
to as “heterotrophs”) was not occurring, supporting our pre-
sumption that the associated microbes in the biofilm were func-
tioning primarily as heterotrophs.
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FIG 1 Representative NanoSIMS images of cyanobacterium ESFC-1 trichomes and heterotrophs 24 h after addition of 13C-labeled and 15N-labeled EOM.
Trichomes and associated microbes were identified morphologically by scanning electron microscopy (SEM) prior to NanoSIMS analysis. Left, images (panels
A and C and panel E) are paired images from a light-treated biofilm; right, images (panels B and D and panel F) are paired images from a dark-treated biofilm.
(A and B) Scanning electron microscope images taken prior to NanoSIMS analysis. White outlines in panels C to F correspond to areas analyzed (ROIs), from
which values for individual cells are derived. (C and D) 13C enrichment images. (E and F) 15N enrichment images. APE, atom percent excess.
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Bacterial-algal interactions in biofuel producing algal ponds

collect bacterial size fraction 
from algal ponds 

Add to bacteria-free 
algal cultures

+15N-leucine (50 nM)
+ H13C03

- (1 mM)
18 hour incubations

10 μm

Samo et al. in revision



Attached bacteria 
increase cell-specific 
carbon fixation rate of 
Phaeodactylum

*

Bacterial attachment has a variable effect on 
algal primary productivity 

* = statistical significance (non-parametric Mann-Whitney U test)

P. tricornutum

Samo et al. in revision



Effect of attachment on bacterial growth

P. tricornutum

Associated Free living

Algal attached bacteria grow 
slower than free living 
bacteria
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Associated Free living

*

Effect of attachment on transfer from autotrophs 
to heterotrophs

P. tricornutumAttached bacteria 
incorporate more 
algal C than free-living 
bacteria

Samo et al. in revision



What does NanoSIMS quantitative imaging add to the 
environmental microbiologist’s toolbox? 

• Enables species-specific (or cell specific) quantitative analysis of 
isotopic incorporation after incubation with labeled substrates

• Comparison of relative incorporation of different substrates by the same 
community incubated side-by-side 

• Identify generalists vs. specialists

• Species-specific differences in C:N substrate use efficiency
• Response to increasing substrate concentrations

• Examine how incorporation varies over time or in response to perturbations
• Quantify exchange between heterotrophs and autotrophs



Complementary tools are needed for context or for 
hypothesis generation
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How do we make quantitative microbial data useful?
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