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Quantification of endospores in ancient permafrost using time-resolved 
terbium luminescence 
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A B S T R A C T   

We describe herein a simple procedure for quantifying endospore abundances in ancient and organic-rich 
permafrost. We repeatedly (10x) extracted and fractionated permafrost using a tandem filter assembly 
composed of 3 and 0.2 μm filters. Then, the 0.2 μm filter was washed (7x), autoclaved, and the contents eluted, 
including dipicolinic acid (DPA). Time-resolved luminescence using Tb(EDTA) yielded a LOD of 1.46 nM DPA 
(6.55 × 103 endospores/mL). In review, DPA/endospore abundances were ~2.2-fold greater in older 33 ky 
permafrost (258 ± 36 pmol DPA gdw− 1; 1.15 × 106 

± 0.16 × 106 spores gdw− 1) versus younger 19 ky permafrost 
(p = 0.007297). This suggests that dormancy increases with permafrost age.   

1. Technical note 

Ancient permafrost (perennially frozen ground) persists for thou
sands of years, harboring a moderately diverse array of microbial life 
[1–3] along with large stores of organic carbon [4,5]. Climate change 
thaws permafrost [6,7] and presents a variety of potential environ
mental and health issues, including the release of greenhouse gases 
stemming from microbial degradation of organic carbon [8,9] and the 
revival of age-old microorganisms [10–12], inclusive of dormant en
dospores, such as those associated with anthrax outbreaks in the Arctic 
circle [10,13,14]. For homeland security and ecology purposes, there
fore, the development of low-cost detection and quantification methods 
for endospores would greatly assist in expanding environmental sample 
analysis in developing nations and within the scientific community. 

For permafrost, the few methods that describe endospore quantifi
cation are DNA-based and likely underestimate cell abundance due to 
DNA extraction inefficiencies [15]. Further, the substantial soil organic 
carbon (SOC) pool likely interferes with other non-DNA-based methods. 
In contrast, methods for non-permafrost soils and ice samples are 
well-described and include chemical, biochemical, and microbiological 
means such as luminescence spectroscopy [16–18], liquid chromatog
raphy [17,19], PCR [20,21], and cultivation [22,23]. Advantages to 
these collective methods include high sensitivities, roughly quantitative 
yields during extraction/separation [16,17], and phylogenetic identifi
cations. However, challenges to these methodologies include high 

fluorescent backgrounds from SOC, lengthy extraction and preparation 
steps, complicated chromatographic methods, costs associated with soil 
DNA extraction kits and PCR reagents, slow cultivation times, and loss of 
abundance and diversity during cultivation. 

In this report, therefore, we detail a simple procedure (Diagram 1) 
for quantifying bacterial endospore abundances in permafrost using a 
low-cost tandem filtration system followed by time-resolved lanthanide 
luminescence spectroscopy (Supplemental Methods). To address the 
challenges listed above, we used (A) relatively inexpensive reagents and 
materials, (B) time-saving and straightforward procedures, (C) a time- 
resolved luminescence approach to eliminate interferences from fluo
rescent SOC, and (D) a spectral procedure suitable for typical fluores
cence spectrometers hosting a phosphorescence mode. 

Bacterial endospores were quantitated using the biomarker 2,6-pyr
idinedicarboxylic acid, or dipicolinic acid, which serves roles in endo
spore stability and is predominantly (or only) found in endospores 
[24–26] at concentrations of ~0.2–1.2 M, as measured across strains 
from the genera of Bacillus, Oceanobacillus, Desulfosporosinus, Desulfoto
maculum, and class of Clostridiales [16] (or 5–15% of the dry weight 
[27]). Dipicolinic acid (DPA) is aromatic, strongly absorbs in the UV, 
and forms tridentate metal chelates with lanthanides, such as terbium, 
to form complexes with differing stoichiometries (Tb(DPA)1-3(H2O)0-6; 
assuming a 9-coordinate complex) [28–30]. Typical to many terbium 
complexes, Tb(DPA)n is luminescent, where excitation of DPA (at 270 
nm) results in energy transfer to the terbium center, culminating with 
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signature emissions of visible light (Fig. 1A). The emissions are bright, 
long-lived (2.1 m s), and released in narrow bands (≤40 nm) with large 
Stokes shifts (220–355 nm); thus, collectively serving as excellent han
dles for analysis [16,28,31]. 

However, a drawback to endospore quantitation using Tb(DPA)1-3 is 
that the luminescence is rather unstable (Fig. 1B), with ~25% of the 
initial brightness (i.e., signal intensity) lost 100 s after mixing probe and 
extract [28]. This loss is due to competition from other metal-binding 
biochemical groups including glycosidic moieties, non-aromatic amino 
acids, and phospholipids, which can form non- or weakly luminescent 
complexes with terbium. Alternatively, we’ve shown that [Tb(EDTA)]1- 

is a superior probe to [Tb(H2O)9]3+ . As per Fig. 1A and B, complexes 
between Tb(EDTA) and DPA are brighter and more stable and, as a 
result, exhibit ~2-fold higher signal intensities (at 545 nm), and only a 
~5% loss in signal when in extracts of Bacillus spores (after 100 s) [28]. 

Characterizations by luminescence spectroscopy suggest a stoichi
ometry of Tb(EDTA)(DPA)1 for the target complex. In brief, comparisons 
of luminescent lifetimes across aqueous and D2O solutions supported 
exclusion of water from the terbium coordination sphere (m = 0.34; Tb 
(EDTA) (DPA)n(H2O)m); while the changes in lifetimes across a titration 
of increasing [DPA] supported binding of one DPA ligand. Titration 
experiments (Fig. 1C) were conducted using 10 μM Tb(EDTA) or Tb3+

and 0–150 μM DPA (in 0.1 NaOAc, pH 5.5). The changes in lifetimes 
across the titrations were then fitted to a modified version of the Hill 

equation (θ ≈

(

Δτ/Δτmax

)

= [DPA]n/([DPA]n + (K50)
n
)
). In this model, 

the sequential binding of multiple ligands was assumed to have a 
cooperative effect on the luminescence lifetime. For Tb3+, sigmoidal 
changes in lifetime were obtained during formation of Tb(DPA)n, and 
regressions provided n = 2.79 ± 0.06, which was consistent with a 
complex stoichiometry of Tb(DPA)3. In contrast, changes in lifetime for 
Tb(EDTA) were hyperbolic, with regressions providing n = 1.39 ± 0.03, 
which correlated to a stoichiometry of Tb(EDTA)(DPA)1. Accordingly, 
standard curves prepared using Tb(EDTA) and time-resolved conditions 
(delay = 0.1 m s, λem = 545 nm) assumed binding of 1 analyte per probe 
and provided a LOD of 1.46 nM DPA, which corresponded to 6.55 × 103 

spores/mL, when considering an averaged abundance of 2.24 × 10− 16 

mol DPA per spore [16] (See Supplemental section & Table S1). 

Endospore abundances were thus measured in Pleistocene-aged 
permafrost, which originally formed 19 and 33 ky before present. 
Samples were collected and analyzed as described [1,15], with micro
scopy and geochemistry showing decreased abundances of active mi
croorganisms, yet increasing amounts of SOC in older permafrost 
(~900–1700 mg/L dissolved organic carbon, DOC). In context, these 
observations were suggestive of higher endospore abundances and 
background fluorescence in the older 33 ky samples. Therefore, to 
extract, separate, and quantitate endospores, our procedure relied upon 
fractionation of permafrost extracts based upon particle size, washing of 
captured endospores to remove the stores of SOC, release of DPA 
through autoclaving, and measurement of the luminescence in mixtures 
of Tb(EDTA) using a time-resolved approach. 

As displayed in Fig. 2, use of temporal gating effectively eliminated 
interference from the SOC fluorescence; thereby, revealing a resolved 
terbium luminescence. As per control experiments, the Tb(EDTA) 
luminescence was sensitized (or increased) by SOC from extracts of non- 
autoclaved permafrost (@270 nm) (Fig. 2A) and quenched (or 
decreased) by SOC from extracts of autoclaved permafrost (Fig. 2B). In 
effect, these observations exemplified the necessity to minimize in
terferences from SOC, which was accomplished in this procedure by 
filtration, washing, and spectral selection. In addition, our results indi
cated that permafrost may be a novel source for natural product 
lanthanide sensitizers. 

In the extractions, as detailed in the Supplemental Section, Fig. 3A, 
and Diagram S1, slightly-thawed permafrost (~0.5 g) was resuspended 
in 1.5 mL 0.10 M NaOAc (pH 5.5), mildly vortexed for 10 s, and allowed 
to gravity settle for ~1 min (for this study, buffer choice represented 
optimal conditions for downstream binding or chelation of DPA to the 
terbium probe). Upon settling of the suspension, the supernatant (~1 
mL) was removed using a 1 mL plastic syringe, and fractionated through 
a tandem filter assembly composed of sequentially attached 3 and 0.2 
μm syringe filters (Fig. S1A), with the eluate being saved for analysis. In 
this assembly, and as shown in Fig. S1B, larger soil particles (which 
provided substantial background fluorescence) were captured on the 3 
μm filter (PVDF membrane); whereas endospores liberated through 
vortexing passed through the 3 μm filter and collected on the 0.2 μm 
filter (cellulose acetate membrane). In control experiments, 0.45 μm 

Fig. 1. Comparison of Tb(EDTA) and Tb3+: (A) 
Luminescence emission spectra (λex of 271 nm) for 
Tb(EDTA) (DPA) (blue) and Tb(DPA)3 (red), where 
intensities are expressed as relative arbitrary units; 
(B) Luminescence stability in spore extracts, as ob
tained in kinetic studies (λex = 271 nm, λem = 491 
nm, 10 s intervals), where the percent loss in lumi
nescence intensity (y-axis) was measured 10–600 s 
after mixing of Tb(EDTA) (blue) or Tb3+ (red) with 
extracts of Bacillus spores (in spore extracts, Tb 
(EDTA) loses a maximum of 28% of the initial in
tensity (%ΔImax), while Tb(H2O)9 loses ~50%; for 
Tb(EDTA), the time required to lose half of the total 
change in intensity (K0.5) is 570 s, while for Tb 
(H2O)9 half of the change in intensity is lost in 100 s; 
respective KD values were 72 and 10-3-10-6 μM for 
DPA binding to Tb(EDTA) and Tb(H2O)9), and 
respective luminescent brightness (kL) values were 
51 and 5.6 for Tb(EDTA)(DPA) and Tb(DPA) 
(H2O)6), as adapted from Barnes et al., 2011; and (C) 
Profile of luminescent lifetimes across a titration of 
DPA for Tb(EDTA) (blue; circles) or Tb3+ (red; cir
cles), where regressions (lines) were performed 
using an adapted version of the Hill equation, which 
provided values of n = 1.39 ± 0.03 for Tb(EDTA) 
and n = 2.79 ± 0.06 for Tb3+, corresponding to Tb 
(EDTA) (DPA)1 and Tb(DPA)3. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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filters showed poor retention of Bacillus endospores, while 5.0 μm filters 
provided insufficient removal of fluorescent SOC from the permafrost. 

To maximize yield, the extraction/filtration procedure was repeated 
ten times (10x) using fresh aliquots of buffer, with all extracts being 
filtered through the same tandem assembly, and all eluates being 
retained as separate fractions for analytical measurements. The fre
quency of extraction/filtration steps was determined through control 
experiments with the 33 ky sample (Fig. S2A). In these experiments, 
eluate absorbances (~2–2.5) at 240 and 270 nm (within the linear 

range, Beckman DU640) decreased after each round of extraction/ 
filtration, with a plateau occurring at ~0.3–0.4 after 10 successive steps 
– thereby indicating no further extraction of aqueous SOC (or DOC). 
Upon completion, the tandem filters were disconnected, the 3 μm filter 
removed, and the 0.2 μm filter washed seven times (7x) with buffer 
using a new plastic syringe. After the 7x washing steps, the 0.2 μm filter 
was autoclaved, and when cooled, attached to a plastic syringe, and the 
remaining bio/organic components eluted using five aliquots (5x) of 
buffer. 

Fig. 2. Impacts of time-resolved (TR) measurements on the luminescence of Tb(EDTA) in extracts of (A) 19 ky permafrost and (B) autoclaved 19 ky permafrost, 
where spectra were obtained on a Cary Eclipse Fluorescence Spectrophotometer under fluorescence (FL; left y-axis) and phosphorescence modes (TR; right y-axis & 
gridlines), and intensities are expressed as relative arbitrary units; all samples (2.00 mL) contained 750 μL extract and 100 μM Tb(EDTA) in 0.100 M NaOAc (pH 5.5), 
and spectra were obtained using a λex of 270 nm, emission window of 400–700 nm, 0.1 m s delay time, 5 nm excitation/emission band-pass, and 900 V PMT. 

Fig. 3. Isolation and quantification of DPA and en
dospores: (A) Luminescence analysis of the tandem 
filtration procedure, where fractions obtained after 
tandem filtration (flowthrough), washes of the 0.2 
μm filter (wash), and elutions of the autoclaved 0.2 
μm filter (eluate) were mixed with Tb(EDTA) and the 
luminescence measured using a λex = 270 nm, λem =

545 nm, and 0.1 m s delay time; inset plot represents 
the luminescence changes between Wash 4 and 
Eluate 4, (B) Abundances of DPA (left axis; pmol 
gdw− 1) and spores (right axis; spores gdw− 1) across 
the 19 and 33 ky permafrost samples; error bars 
represent the standard error (n = 8).   

Diagram 1. Tandem filtration device and sequence of procedural steps including filtration of the extracts, washing of the 0.2 μm filter, autoclaving the 0.2 μm filter, 
elution of the contents, and spectral analysis of the sample. 
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For luminescence spectroscopy [28], samples were 2.0 mL in total 
volume and prepared by mixing 750 μL of the eluate with a final con
centration of 100 μM Tb(EDTA) in 0.100 M NaOAc (pH 5.5). Samples 
were manually mixed by continuous pipetting for ~30 s, and the 
luminescence measured on a Cary Eclipse Fluorescence Spectropho
tometer in phosphorescence mode. Settings included a λex of 270 nm, λem 
of 450–700 nm, delay time (or time resolution) of 0.1000 ms, 5.0 nm 
excitation/emission slit widths, and 900 V PMT voltage. Abundances of 
DPA were calculated using intensity values summed from the first two 
eluates, converted to [DPA] using the standard curve, translated to 
moles using the total eluate volume (typically ~1.5 mL), and expressed 
per gram dry weight of permafrost (moles DPA gdw− 1). 

Results of the separation procedure are summarized in Fig. 3A (and 
further supported in the Supplemental section, Figs. S2A–D). Separa
tions were monitored by following the change in luminescence across 
the collected fractions. Across the procedure, the plateau in absorbance 
and luminescence after the 10x extraction/filtration steps (flowthroughs 
1–10) suggested that a majority of SOC had been extracted 
(Figs. S2A–B). Baseline luminescence values obtained after the 7x 
washes indicated substantial removal of SOC from the 0.2 μm filter 
(Fig. 3). Lastly, the increase in luminescence (eluates 1–2) after auto
claving (Fig. 3A inset plot) clearly indicated release of luminescent 
materials that (1) remained trapped on the filter during the 7x washing 
steps, (2) were soluble in the eluate buffer after autoclaving, and (3) 
functioned as a sensitizer for Tb(EDTA). As such, these results were 
consistent with the release of DPA by separation and isolation of spores 
using the tandem filter assembly. 

As displayed in Fig. 3B, abundances of DPA increased from 121 ± 21 
pmol DPA gdw− 1 in 19 ky permafrost to 258 ± 36 pmol DPA gdw− 1 in 33 
ky permafrost (standard error, n = 8), as measured across 4 biological 
replicates from each age group, and 2 technical replicates per measure. 
These values translated to increases in endospore abundances from 5.38 
× 105 ± 0.93 × 105 to 1.15 × 106 ± 0.16 × 106 spores gdw− 1 (see 
Supplemental section). Thus, this corresponded to an ~2.2-fold (or 
114%) increase in DPA/endospore abundances across the 19 and 33 ky 
permafrost samples (p = 0.007297, Student’s t-test). These trends were 
supportive of dormancy serving increasing roles in survival across 
ancient permafrost. 

For the tandem filtration assembly, yields of 52 ± 16% were obtained 
when using endospores of Bacillus subtilis ATCC 6633 (see Supplemental 
section). As such, for permafrost, correction of the endospore abun
dances (~1.0 × 106 & ~2.2 × 106 spores gdw− 1) amounted to ~4% and 
~10% of the total stainable cells present in the 19 ky (2.8 × 107 cells 
gdw− 1) and 33 ky (2.3 × 107 cells gdw− 1) permafrost [15]. This corre
sponded to an ~2.5-fold increase in the percent of sporulated cells 
across the age groups, which further supported the assessment that older 
permafrost harbor increased endospore abundances. Critically, meta
genomics studies [1] corroborate this assessment by showing ~1.5-fold 
increases in the abundances of genes associated with sporulation in 
older permafrost. Hence, both chemical measures and molecular ge
netics support dormancy as a survival mechanism in ancient permafrost. 

In comparison to other measures, upper surface sediments (≤50 cm) 
of tidal flats (≤5.8 × 106 spores gdw− 1) [16] and bay waters (5.4 × 107 

spores gdw− 1) [17] contain greater endospore biomasses than the 
perennially frozen 33 ky permafrost samples. However, these respective 
values represent ≤4% of the total cells, since these environments harbor 
higher relative cell abundances. These comparisons suggest that 
dormancy is a more dominant survival feature in ancient permafrost. In 
terms of methodology, the abundances for tidal flats and bay waters 
were obtained using the labile probe of Tb(H2O)9 with procedures 
requiring multi-step and multi-reagent extractions, or HPLC methods 
requiring ~4 h acid hydrolysis steps, ~1–3 h of additional sample 
processing, and considerable operational familiarity with liquid chro
matography systems. In contrast, our method requires a total of 2–3 h 
per sample, utilizes low-cost reagents and supplies (e.g., ~$22, 250 g, 
EDTA; ~$78, 5 g, TbCl3; ~$166, 50, 0.2 μm filters; $83, 100, 3 μm 

filters), relies upon simple separation procedures, requires basic spec
trometer functions, and is amenable to scientists from all disciplines. 
Therefore, our tandem filtration and time-resolved luminescence assay 
for spore quantification may serve as a reasonable, cost-effective, and 
time-saving tool for biodefense and microbial ecology applications. 
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