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Ice nucleation-active (INA) bacteria may function as high-temperature ice-nucleating particles (INP) in clouds, but their effec-
tive contribution to atmospheric processes, i.e., their potential to trigger glaciation and precipitation, remains uncertain. We
know little about their abundance on natural vegetation, factors that trigger their release, or persistence of their ice nucleation
activity once airborne. To facilitate these investigations, we developed two quantitative PCR (qPCR) tests of the ina gene to di-
rectly count INA bacteria in environmental samples. Each of two primer pairs amplified most alleles of the ina gene and, taken
together, they should amplify all known alleles. To aid primer design, we collected many new INA isolates. Alignment of their
partial ina sequences revealed new and deeply branching clades, including sequences from Pseudomonas syringae pv. atropur-
purea, Ps. viridiflava, Pantoea agglomerans, Xanthomonas campestris, and possibly Ps. putida, Ps. auricularis, and Ps. poae.
qPCR of leaf washings recorded �108 ina genes g�1 fresh weight of foliage on cereals and 105 to 107 g�1 on broadleaf crops.
Much lower populations were found on most naturally occurring vegetation. In fresh snow, ina genes from various INA bacteria
were detected in about half the samples but at abundances that could have accounted for only a minor proportion of INP at
�10°C (assuming one ina gene per INA bacterium). Despite this, an apparent biological source contributed an average of �85%
of INP active at �10°C in snow samples. In contrast, a thunderstorm hail sample contained 0.3 INA bacteria per INP active at
�10°C, suggesting a significant contribution to this sample.

We have known for around 4 decades that soil, decaying veg-
etation, and plant surfaces harbor organic ice-nucleating

particles (INP) and that their abundance and high temperature of
activity suggest they are significant sources of atmospheric ice nu-
clei (1–8). The focus of more recent research has been to elucidate
their identities, reservoirs, and emissions to and role, if any (9), in
the troposphere (10–22).

DeMott and Prenni (23) identified key outstanding questions
regarding the role of biogenic INP in cloud and precipitation pro-
cesses. These included whether they are the sole source of natural
atmospheric ice nucleators warmer than about �15°C, whether
they are sufficiently abundant to trigger precipitation directly
and/or via secondary ice multiplication, which operates princi-
pally in the range of �3 to �8°C (24, 25, 26), whether there are
large seasonal and regional variations in their emissions, and
whether their numbers can be defined and their sources identified.
This work reports progress toward answering the first and last
priorities through the development and application of a quantita-
tive PCR (qPCR) test for the ice nucleation-active (INA) bacteria,
the abundant and highly active source of biological INP (12).

To date, around a dozen species of INA bacteria have been
identified, isolated mainly from plant surfaces. They are spread
among three orders of the Gammaproteobacteria and include
Pseudomonas syringae, Ps. fluorescens, Pantoea agglomerans, and
Xanthomonas campestris (27). All express isoforms of the same Ina
protein which, when bound together in the outer membrane, can
trigger nucleation at up to �1.5°C (28, 29). More typically, the
upper limit is �2 to �4°C (15). They are particularly abundant on
crops (7) but are also plentiful on many nonagricultural plants
and in habitats such as freshwater and associated biofilms (7, 15,
30). Possession of ice nucleation activity may confer several ad-
vantages (11, 30, 31), including the ice nucleation of cloud drop-

lets as an active deposition and dissemination mechanism (8, 15,
30, 32).

INA bacteria have been detected in air above crops under dry
conditions and were enhanced �30-fold during rainfall (33, 34),
and they were relatively abundant in air downwind of harvesting
(35). They have also been isolated from cloud water (18, 36, 37),
from ice and rain at up to 2,500 m above a wheat field (8), and
from �50% of rain and snow samples (15). A typically large re-
duction in INP active at ��12°C after heat treatment or cell wall
digestion suggests their ubiquity in precipitation (38, 39); rainfall
itself stimulates the release of biological INP from vegetation and
the soil surface (33, 34, 40, 41).

Direct, sensitive detection of INA bacteria in atmospheric sam-
ples is required, because environmental populations are a mixture
of culturable, viable but nonculturable (VBNC), moribund, and
dead cells. All members of this continuum may possess ice nucle-
ation activity. Detection of VBNC cells may be particularly impor-
tant, because many environmental factors reduce culturability
(42, 43). For example, aerosolization of Gram-negative bacteria
originally isolated from air raised their VBNC-to-viable ratios
�250-fold in only 20 min (44), and Attard et al. (37) observed a
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significant loss of culturability, but not ice nucleation activity,
after exposure of INA bacteria to UV-A for �20 h. Furthermore,
not all INA bacteria can be readily culturable on commonly used
agars (45).

Amplification of the ina gene in INA bacteria will detect cul-
turable, VBNC, and even a subset of dead cells. However, detec-
tion of the gene does not equate to these cells also being efficient
INP, since aggregates of the protein required for high-tempera-
ture activity are naturally infrequent (46, 47) and are “controlled
by complex and interacting factors such as genotype, environ-
ment, and host plant species” (46). At colder temperatures, clus-
ters of two to three proteins will trigger freezing (48), so that by
�10 to �12°C the nucleation frequency may be 1 in every 10 cells
or higher (28, 31). Conversely, dead INA bacteria that have di-
gested their own genome but which retain the Ina protein will go
undetected; some INA Pseudomonas strains possess active, ther-
mostable DNAses (T. C. J. Hill, unpublished data).

Successful qPCR of the ina gene relies primarily upon the de-
sign of the primers. They must amplify as many ina gene alleles as
possible with both high specificity and sensitivity. However, due
to the diversity of the gene (49), ina primers have, to date, been
designed to amplify only single alleles or clades (45). This study
describes the design of the first broad-spectrum ina gene primers
and their use in qPCR to quantify INA bacteria on plants and in
snow and hail.

MATERIALS AND METHODS
Vegetation sampling. INA bacterial populations on plants were mea-
sured using qPCR of the ina gene in DNA extracted from leaf washings.
Crops and a border grass were sampled in July 2010 at an irrigated field
watered with a linear-move sprinkler at the University of Wyoming’s Sus-
tainable Agriculture Research and Extension Center (SAREC), near
Lingle, WY. Grasses, shrubs, and trees were sampled the following month
from roadside pasture and among native vegetation in the Laramie
Mountains. Details of sites, sampling dates, and samples are given in Table
S1 in the supplemental material.

Using nitrile gloves, a bulked sample was obtained from each vegeta-
tion type, each comprising leaves and seed heads (cereals and grasses)
from many plants. Samples were stored in new resealable zippered storage
bags at 4°C for 1 to 3 days before processing. Each sample was placed in a
1-liter conical flask that had been decontaminated by rinsing for 1 h with
5% H2O2, followed by two rinses with deionized water and autoclaving.
To this, 250 ml of 0.45-�m-diameter-pore filtered 0.01 M sodium phos-
phate buffer (pH 7) with 0.1% Difco proteose peptone no. 3 (BD, Franklin
Lakes NJ) was added (7), and the flask was shaken at 200 rpm for 1 h.
Washings were poured through a sterile 100-�m-mesh cell strainer (BD
Falcon, Franklin Lakes, NJ) into sterile, polypropylene 50-ml Falcon cen-
trifuge tubes (Corning, Tewksbury, MA). One was frozen at �20°C for
INP determinations, and the remainder, containing 200 ml, was centri-
fuged at 3,000 � g for 30 min. From these, pellets were combined, resus-
pended in a total volume of 1.25 ml, and stored at �70°C for DNA extrac-
tion. A blank extraction was also performed.

Snow and hail sampling. Snow was sampled in two general locations,
within Laramie and �15 km to the southeast in the Laramie Mountains. It
was collected either during snowfalls or, when snowfalls continued into
the night, the following morning. Details of sites, snowfall, sampling
dates, and samples are given in Table S1 in the supplemental material.
Nitrile gloves were worn and, unless the snow was still falling, surface
snow was brushed away to expose a fresh surface for sampling. Using a
zippered storage bag from a freshly opened pack, the top �1 cm was then
shaved from the surface until 1 to 2 kg was collected. The sample was
double bagged and stored at �20°C until being processed.

A single hail sample was also analyzed. In Laramie, at 9:35 p.m. on 10

June 2010, hail up to 1.5 cm in diameter fell from a thunderstorm that
suddenly activated while overhead. This was collected over the few min-
utes of the hailswath into a new autoclave bag held open using nitrile
gloves. The bag was immediately placed in a freezer and the mostly frozen
hail stored at �20°C.

Snow and hail samples were melted at room temperature in a class II
biosafety laminar flow cabinet (Labconco, Kansas City, MO), which was
reserved for extractions from aerosols and precipitation samples and lo-
cated in a separate and otherwise unused laboratory from that used for
PCR. The cabinet’s UV lamp was turned on for several hours before it was
used to inactivate any potentially contaminating DNA. Melted samples
were filtered through 0.2-�m-diameter-pore Nuclepore track-etched
polycarbonate membranes (Whatman, GE Healthcare Life Sciences, Pis-
cataway, NJ) that had been decontaminated by soaking in 15% H2O2 for
10 min, followed by two rinses in deionized water (18 M�, autoclaved at
135°C for 30 min to fragment DNA and stored in dedicated Pyrex bottles)
and drying on foil. Membranes were mounted into 47-mm-wide, 0.45-
�m-diameter-pore Nalgene sterile filter units (Thermo Scientific, Roch-
ester, NY). After filtering, the filters were removed with flamed forceps
and stored in sterile 50-ml Falcon tubes at �20°C until being processed.

To resuspend the filtered material, 6 or 7 ml of the deionized water,
detailed above, was added to each tube, and tubes were shaken at 400 rpm
for 20 min. Half of each sample was removed for immediate DNA extrac-
tion, while the remainder was frozen for measurement of INP. The DNA
subsample was centrifuged at 22,000 � g for 5 min at 18°C in a 2-ml sterile
screw-cap microcentrifuge tube by removing the supernatant and refilling
the tube in several steps until �100 �l remained.

DNA extraction. For DNA extraction from leaf washings, 50 or 100 �l
of the 1.25 ml of leaf wash concentrate was processed using the standard
protocol of the PowerLyzer UltraClean microbial DNA isolation kit (MO
BIO Laboratories, Inc., Carlsbad, CA). Homogenization was performed
using a FastPrep bead beater (BIO 101 Inc., Carlsbad, CA) at setting 4 for
5 min. The same method was used to obtain DNA from pure cultures of
INA bacteria.

For the snow samples, we modified the extraction protocol to increase
recoveries (in consultation with MO BIO). We omitted the step to pre-
cipitate non-DNA organic and inorganic material (solution MD2), added
a second ethanol wash (solution MD4), and added a second DNA elution
(solution MD5). This increased DNA recoveries from �25% with the
standard method to �90%, tested using 120 and 1,200 Ps. syringae Cit7
cells added directly to extraction tubes. Correction for the losses from
each method in the qPCR is described below.

Various precautions were taken to prevent contamination of snow and
hail samples. Extractions were performed in the biosafety laminar flow
cabinet described above. Its UV lamp was turned on for several hours
before use, and equipment within it was rotated to irradiate all surfaces.
The microcentrifuge head was soaked in 5% H2O2, rinsed in deionized
water, and dried overnight in the cabinet, and the inside surfaces of the
microcentrifuge and bead beater were sponged liberally with 5% H2O2

and also dried overnight. The MO BIO kit used was reserved for snow and
hail samples. For PCR, tubes containing aliquots of the qPCR master mix
were brought into this separate laboratory for dispensing of the DNA.
Finally, several blank extractions were performed, including of filters be-
fore and after peroxide treatment, and of a full extraction blank for which
autoclaved deionized water was used in place of snow melt.

Isolation, INP production, and identity of INA isolates. A diverse
collection of INA bacterial isolates, several obtained during this study,
were used to design and validate the primers. Details of their origin, ac-
tivity, and identity are given in Table 1. Dilution series of the leaf washings
were plated onto low-INP agar made using 0.45-�m-diameter-pore-fil-
tered nutrient broth, 2.5% glycerol, and 15 g liter�1 agarose (certified
molecular biology agarose; Bio-Rad, Hercules, CA). Dilution plates were
incubated at 18°C for 3 to 5 days, after which a small quantity from 32 or
64 randomly chosen colonies was transferred and suspended in 50 �l of
0.45-�m-pore-diameter filtered PO4/peptone buffer. Suspensions that
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froze at warmer temperatures than the blanks (a pipette tip touched to an
area of uncolonized agar and then inserted into buffer) were streak plated
onto fresh agar and retested before being selected. Initially, wooden tooth-
picks were used for picking colonies, but these were found to release INP
active at ��13°C. In later tests, using sterile plastic pipette tips, blanks
started nucleating at �15 to �16°C.

To fully assess INP production, selected isolates were grown in the low
nitrogen and phosphorus liquid medium (LNP) recommended by Nem-
ecek-Marshall et al. (50). LNP contained 50 mM morpholinepropanesul-
fonic acid (MOPS) at pH 7.2, 25 mM KCl, 2 mM NH4Cl, 10 mM Na2SO4,
10 mM NaCl, 1 mM MgCl2, 0.1 mM KH2PO4, 0.1 mM CaCl2, 0.01 mM
FeCl3, and galactose as a carbon source at 0.4% (wt/vol). Galactose was
chosen because it produced both a high frequency of type 1 nuclei (i.e.,
active warmer than �5°C) and, overall, the most INP out of 10 carbon
sources compared (50). LNP was made with 0.2-�m-pore-size-filter-ster-
ilized deionized water (blanks nucleated at 	�15°C). Isolates were grown
at 32°C for 3 days and then incubated at 16°C for 1 day to allow full
development of high-temperature INP (51). Testing for INA was per-
formed using up to 32 aliquots of 30 to 80 �l of the culture dispensed into
sterile polypropylene PCR trays as described below. Cell numbers were
determined using dilution series on nutrient agar amended with 2.5%
glycerol, and the number of wells containing a total of �107 cells was back
calculated.

Isolates were identified from their nearly full-length 16S rRNA genes
sequences. Each PCR mixture contained 1 U of GoTaq hot start polymer-
ase (Promega, Madison, WI) in 1� Colorless GoTaq Flexi buffer (no Mg
in buffer), 0.5 �M primer 27f (5= AGAGTTTGATCMTGGCTCAG 3=),
0.5 �M primer 1492r (5=GGTTACCTTGTTACGACTT 3=), 0.2 mM each
deoxynucleoside triphosphate (dNTP), 1.5 mM MgCl2, 10 ng genomic
DNA, and deionized water to a total volume of 25 �l. Cycling conditions
were an initial denaturation at 95°C for 2 min, followed by 35 cycles of
94°C for 15 s, 48°C for 15 s, and 72°C for 45 s. Products were sequenced in
both directions at the University of Wyoming’s Nucleic Acid Facility and
identified using a National Center for Biotechnology Information BLAST
search.

Measurement of ice-nucleating particles. Concentrations of INP in
leaf washings and filter-concentrated melt samples were derived using the
drop freezing method. Samples were rapidly thawed and vortexed, and
then 24 or 32 aliquots of 50 �l were dispensed into sterile 96-well poly-
propylene PCR trays (�Cycler; Life Science Products Inc., Frederick, CO).
The tray was covered with a silicone sealing mat for PCR and placed in a
thermal cycler (PTC-200; MJ Research) with the block held at 4°C. The
cycler was programmed to descend in 1°C increments from �2°C to its
limit at �9°C. After 5 min at each temperature, the number of frozen wells
was visually counted and the temperature lowered to the next increment.
Temperature variation across the block was 
0.2°C, measured using a
thermistor verification probe (VPT-0300; Bio-Rad, Hercules, CA). The
tray was then transferred to an aluminum incubation block for PCR plates
(VWR, Radnor, PA) within a foam box, cooled in a freezer to ��12°C
(��15°C for testing of isolates). The thermistor was inserted into a side
well, and after 10 min the block temperature and number of frozen wells
were recorded. Serial dilutions in deionized water (INP free until
	�15°C) were used to measure INP concentrations across the tempera-
ture range. To test the sensitivity of the INP in leaf washings to moderate
heat, trays were thawed and then heated in the thermal cycler to 60°C for
20 min and then retested. To test the sensitivity of the INP to a denaturing
heat, 1.8 ml of the washings or melt samples was aliquoted into a 2-ml
screw-cap microcentrifuge tube and incubated at 105°C for 10 min (after
allowing time for equilibration). The temperatures of 60 and 105°C were
chosen after tests of the heat sensitivity of a range of local isolates (Cit7,
BXIN3, BXIN4, Sco1009b, SBPci, and Sbr1009a). Isolates were grown in
LNP medium, and then aliquots were heated and freeze tested. Non-heat-
treated aliquots froze at ��3°C. Heating within the range of 55 to 80°C
lowered the onset of nucleation to a new plateau of �7 to �9°C (�5.5°C
for Sbr1009a), while heating to 90 to 95°C eliminated ice nucleation ac-

tivity (tested to �18°C) in all isolates except Sbr1009a, for which heating
to 105°C lowered its onset to �10°C. Thus, in all isolates, 60°C degraded
the INP from class A aggregates to the less efficient class B structures (52),
while 105°C denatured the protein in all isolates except Sbr1009a (a xan-
thomonad containing the inaX allele), which was reduced to possessing
class C structures (i.e., individual proteins).

Cumulative numbers of INP per ml test solution were estimated using
the formula �ln(f)/V, where f is the proportion of droplets not frozen and
V is the volume of each aliquot (53), and then converted to INP per gram
of fresh weight of leaf or per gram of snow or hail.

Choice of region for primer design within the ina gene. Amino acids
in the core region of the ina gene are arranged into repeating sequences
with nested periodicities of 8, 16, and 48 (49), with the 16-mers being the
most faithfully repeated (54). Conserved sequences such as these should
normally aid the design of broad-spectrum primers, but in this case their
repetition promotes primer binding at multiple sites, leading to multiple
PCR products (e.g., see references 55 and 56). If multiple products are
limited to two or three, they can still be used for qPCR so long as the
reaction is efficient and repeatable (they can even be useful for identifica-
tion of the allele in the postreaction analyses). However, their occurrence
tends to reflect imperfect primer binding and, hence, inefficient amplifi-
cation and consequent underestimation of gene copy number.

The core of the ina gene can be subdivided into four blocks, with the
fourth having the least-exact pattern of repetition (57). Warren and
Corotto (57) noted, however, that this greater deviation from perfect pe-
riodicity in block 4 was also conserved, indicating that it plays a functional
role. Block 4’s lower level of internal homology, combined with the con-
servation of its irregularities, make it a preferred region for priming. Also,
of all the blocks it varies least in its length (49), potentially enabling all
PCR products to be of equal length, which is useful for confirmation of
PCR product identity when gelled. Ahern (58) tested numerous primer
combinations within blocks 2, 3, and 4 and the C terminus and found that
those targeting block 4 were indeed the most successful.

Sequencing of block 4 of the ina gene in isolates. DNA sequences of
block 4 of the ina gene were obtained from the 20 isolates. Initially, a
selection of forward and reverse primers was manually designed and
tested based on an alignment of all published ina genes. One pair, 3076f
(5= AGYTCGCTGATTGCGGGNC 3=) and 3463r (5= STGTAVCKTTTN
CCGTCCCA 3=), consistently amplified a product (425 bp) in all isolates.
This spanned the latter half of block 4 and nine bases of the C terminus.
Frequent mispriming on the ina gene prevented it from being used for
qPCR. Each PCR mixture contained 1 U of GoTaq hot start polymerase
(Promega, Madison, WI) in 1� colorless GoTaq Flexi buffer (no Mg in
buffer), 0.7 �M 3076f, 0.9 �M 3463r, 0.2 mM each dNTP, 1.25 mM
MgCl2, 10 ng genomic DNA, and deionized water to a total volume of 20
�l. Cycling conditions were an initial denaturation at 95°C for 2 min,
followed by 35 cycles of 94°C for 15 s and 53°C for 30 s (combined primer
annealing and extension). Products were sequenced in both directions.
The new sequences were aligned with those already available, and the
expanded set was used for primer design.

Phylogenetic analyses. Phylogenetic analyses were conducted using
MEGA version 5 (59). Alignment of positions 3078 to 3462 (base num-
bering according to that of inaZ) was performed manually, since all were
of equal length. To illustrate the sequence differences between alleles, a
phylogenetic tree was initially constructed using proportional distances
between nucleotide sequences. To more faithfully represent evolutionary
distance (although based on only a limited portion of the gene), a second
phylogenetic tree was derived from the amino acid sequences using the
Jones-Taylor-Thornton model (60), applying a gamma-shaped parame-
ter of 0.49 to adjust for nonuniformity of evolutionary rates among sites
and assuming no positions were invariable. This model was chosen using
MEGA’s model selection facility (employing the maximum likelihood
method and optimizing a neighbor-joining tree) as that which best de-
scribed the substitution pattern. Neighbor joining was used to construct
both the DNA- and amino acid-derived trees, with confidence levels of
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branch placement in the latter phylogram obtained using the interior
branch test on 1,000 bootstrap replications.

Primer design within block 4. Primers for qPCR were designed man-
ually. Initially, the alignment was examined for conserved sequences of
amino acids. Those sequences composed of amino acids possessing, over-
all, the fewest alternative codons were chosen, since this would minimize
degeneracy in the primers. Since most of these sequences were partially or
wholly repeated along the block, only those with a unique DNA sequence
at the 3= end of the primer were selected in order to minimize the likeli-
hood of them producing multiple products. Several primers at each of
several positions were designed, further minimizing their degeneracy
where possible by exploiting G:T bonds and neutral G:A mismatches.
Combinations of primer pairs were then tested on isolates. The two best-
performing pairs were 3308f (5= GGCGATMGVAGCAAACTSAC 3=)
with 3463r (5= STGTAVCKTTTNCCGTCCCA 3=) and 3341fb (5=AHTG
TRYBYTSATGGCBGGVGA 3=) with 3462r1 (5= TGTAVCKTTTSCCGT
CCCAG 3=). Product sizes were 194 and 162 bp, respectively.

Quantitative PCRs. Real-time qPCRs were optimized. For primer
3308f, used with 3463r and 3462r1, each reaction mixture contained 1 U
of GoTaq hot start polymerase (Promega, Madison, WI) in 1� colorless
GoTaq Flexi buffer (no Mg in buffer), 0.9 �M each primer, 0.2 mM each
dNTP, 1.25 mM MgCl2, 4% dimethylsulfoxide (DMSO), 0.5� EvaGreen
(Biotium Inc., Hayward, CA), 1 to 8 �l DNA extract, and deionized water
to a total volume of 25 �l. Cycling conditions were an initial denaturation
at 95°C for 2 min, followed by 43 cycles of 94°C for 15 s, 51 to 54°C for 25
s (combined primer annealing and extension, with a higher temperature
to reduce mispriming if required), and then a hold at 79°C for 3 s before
signal acquisition at 515 to 530 nm (as for Sybr green 1). After amplifica-
tion, a melt of the PCR products was performed. Ps. syringae Cit7’s am-
plicon melted at 83.5°C, while those of the other species and strains had
melting temperature (Tm) values of 81.5 to 87°C.

For primers 3341fb and 3462r1, each reaction mixture contained 1 U
GoTaq hot start polymerase, 1� Flexi buffer (no Mg), 1.75 �M 3341fb,
1.3 �M 3462r1, 0.2 mM each dNTP, 1.5 mM MgCl2, 5% DMSO, 0.5�
EvaGreen, 1 to 8 �l DNA extract, and deionized water to a total volume of
25 �l. Cycling conditions were an initial denaturation at 95°C for 2 min,
followed by 43 cycles of 94°C for 15 s, annealing and extension at 53 to
55°C for 30 s, and then a hold at 80°C for 3 s before signal acquisition.
Annealing and extension at 55°C gave equal coverage and produced fewer
nonspecific products in environmental samples but delayed signal ap-
pearance by 1 to 2 cycles. Pseudomonas syringae Cit7’s amplicon melted at
82°C, while the Tm of others ranged from 82 to 86.5°C.

Amplification was performed on a Bio-Rad DNAEngine fitted with a
Chromo4 real-time PCR detector (Hercules, CA). Two to four replicate
reactions were used. Products were confirmed by electrophoresis in 1.5%
MetaPhor agarose gels (Cambrex, Rockland, MN) in 1� sodium borate
buffer (20� stock contained 47 g liter�1 boric acid and 8 g liter�1 NaOH)
(to give a pH of 8.2) at 200 V for up to 35 min, using ethidium bromide for
visualization. A 50-bp ladder (G4521; Promega, Madison, WI) was used
for sizing. Some products were sequenced to identify the principal ina
allele in the amplicon.

Conveniently, there is a direct correlation between the number of ina
genes in a sample and the number of INA bacterial cells; in the two Ps.
syringae, four Pa. ananatis, and four X. campestris pathovars so far fully
sequenced, there is one ina gene copy per genome. For qPCR standards,
we used DNA extracted from Ps. syringae Cit7 cells. To automatically
adjust for the different losses associated with each extraction method, we
produced two standard series of DNA extracted from known numbers of
cells (enumerated by dilution plating). Aliquots of 102 to 107 cells were
added to MicroBead tubes and processed using either the standard or the
high-efficiency methods. The former was used for qPCR of leaf washings
and the latter for qPCR of snow samples.

Testing for inhibition was necessary with precipitation samples due to
the omission of a purification step during their extraction and the use of
up to 12 �l of each sample’s DNA extract per reaction (in 50-�l PCRs).

Inhibition was assessed by spiking replicate qPCRs with 5 to 10 copies of
the ina gene. When inhibition was apparent in the spikes, smaller
amounts of DNA were tested, in combination with spiking, to find the
noninhibitory dose. One sample, a 5-cm snowfall over Laramie on 3 Feb-
ruary 2012 that was part of a large system that tracked from the south-
western United States, contained high levels of inhibitory humics (after
filtering, fine organic particles turned the filter chocolate brown). Thus,
quantification of the ina gene was achieved using a presence/absence sys-
tem with reactions initiated with only 0.2 �l DNA extract. Thirteen PCRs
were run and examined for the presence of a product. Some products were
clearly positive, while some produced faint amplicons of the correct size.
These indistinct reactions were used to initiate a seminested PCR, replac-
ing primer 3308f with 3341fb, and then gelled to confirm gene presence/
absence. Two to eight negative controls were included in each PCR. Seven
of the 13 PCRs were positive (four were sequenced), and all were assumed
to have contained a single ina gene copy, except from one that sequencing
revealed was a mix of two alleles. These data were then used to estimate ina
gene copy numbers in this sample.

Nucleotide sequence accession numbers. Sequences have been de-
posited in GenBank under accession numbers KC311253 to KC311272 for
16S rRNA sequences and KC311273 to KC311292 for ina genes; sequences
for the same isolate differ by 20 digits (e.g., for Cit7 they are KC311253 and
KC311273, respectively).

RESULTS
Phylogeny. Partial sequencing of the ina gene (385 bp of block 4 of
the core region) revealed 18 new alleles among the 20 isolates
sequenced (Fig. 1 and Table 1). Alleles ranged from minor varia-
tions on established branches to new and deeply branching clades.
To illustrate the former, all of the new alleles clustering around the
inaZ-inaK-inaV-inaQ node of Ps. syringae were silent mutations,
translating into amino acid sequences identical to either inaV or
inaK (Fig. 1 and 2). In contrast, the allele in isolate Sco1009b,
identified as Ps. syringae pv. atropurpurea from its 16S rRNA se-
quence, possessed only 82 to 84% similarity to all other Ps. syrin-
gae alleles (amino acid residue similarity was �94%). Interest-
ingly, an INA strain of Ps. syringae pv. atropurpurea has recently
been isolated from cloud water at the puy de Dôme in the Massif
Central region of France (36, 37).

Other distinct alleles included those in PCa2bi, identified as Ps.
viridiflava from its 16S rRNA; SBPci, a Pa. agglomerans strain;
Sba1007a and Sba1007bi, two strains of X. campestris pv. campes-
tris; and the clades containing MM3b, LSb, BF81Fb, �16, �17,
GraPa8, and MU26, a mix of pseudomonads from nonagricul-
tural sources which included Ps. putida (Fig. 1 and 2). Pseudomo-
nas viridiflava and Ps. putida have long been known to contain
INA strains (61, 62), but their ina genes have not been sequenced;
Castrillo et al. (63) amplified a nearly full-length product in Ps.
putida using primers for inaZ but did not sequence it. While the
Greek isolates �16, �17, and GraPa8 were provisionally identified
as Ps. fluorescens, from their possession of cytochrome c oxidase
and a lack of induction of a hypersensitive response in tobacco
(D. G. Georgakopoulos, unpublished data), both their 16S rRNA
and ina gene sequences suggest they belong to other pseu-
domonad species, species not previously known to be INA.

The most notable changes in topology, when comparing trees
constructed using DNA to amino acid residues, are a much closer
association of isolate Sco1009b with other Ps. syringae alleles and
the tighter grouping of nonagricultural pseudomonads and inaW.

Primer testing on isolates. Each of the two primer pairs am-
plified most alleles of the ina gene (Fig. 3; also see Fig. S1 and Table
S2 in the supplemental material). Taken together, they should
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amplify all known alleles, including those in untested isolates
based on the DNA sequences at their priming sites.

Primer pair 3308f/3463r amplified most ina genes strongly and
with good specificity (Fig. 3a; also see Fig. S1a in the supplemental
material). The pair successfully amplified all alleles from Ps. syrin-
gae, Ps. viridiflava, and all pseudomonads from nonagricultural
sources, although the latter with generally lower efficiency. For
example, isolate �17 amplified cleanly but after a significant delay,
possibly caused by the obstruction of primer 3308f by a secondary
fold incorporating the latter half of the priming site (modeled
using mfold; The RNA Institute, College of Arts and Sciences,
University of Albany [http://mfold.rna.albany.edu/?q�mfold]
[64]).

Mispriming occurred with some isolates. It particularly de-
layed the amplification of the Pa. agglomerans isolate SPBci and
the X. translucens isolate Sbr1009a (Fig. 3a; also see Fig. S1a in the
supplemental material), causing 20- to 200-fold underestimations
of their populations compared to Ps. syringae Cit7 (see Table S2).
Amplification of Sbr1009a was improved by replacing 3463r with
3462r1, since it binds more strongly at the 3= end. Mispriming in
SBPci, Sbr1009a, and BF81FB occurred as a result of primer 3308f
also binding at base 3356 (base numbering of inaZ), the result of
both a mismatch at its intended target and atypical complemen-
tarity with two bases at the incorrect site.

There were also failures. The primers did not amplify the ina
gene in the Ps. syringae pv. atropurpurea isolate Sco1009b or the
new INA strains of X. campestris (isolates Sba1007a and
Sba1007bi). Various modifications to 3308f to correct for

the mismatches did not improve this, suggesting the problem
lay with the reverse primer. However, no mismatches of con-
sequence occur with either primer in the sequenced strains of
X. campestris pv. raphini and X. campestris pv. campestris
(GenBank accession numbers AE008922, AM920689, CP000050,
and CP002789), suggesting this primer pair successfully amplifies
some INA xanthomonad strains.

Primer pair 3341fb/3462r1 was often complementary to 3308f/
3463r. That is, it was generally more successful with alleles prob-
lematic for 3308f/3463r but was also more prone to mispriming
(Fig. 3b; also see Fig. S1b and Table S2 in the supplemental mate-
rial). For example, it failed with Ps. viridiflava due to a mismatch
with 3462r1 at its 3= end but it amplified Ps. syringae pv. atropur-
purea (isolate Sco1009b). Unlike the other primer pair, it also
cleanly amplified the Pa. agglomerans isolate SPBci and also
strongly amplified most alleles in the nonagricultural pseu-
domonads. Finally, it also amplified the new INA strains of X.
campestris, although with some delay. Mispriming occurred with
the Ps. putida isolate MM3b (Fig. 3b) but without ill effect, and it
was caused by 3341fb binding at base 3317, the result of its se-
quence partly repeating at that position combined with stronger
binding with two degenerate bases in the primer.

More serious were misprimes off genes other than the ina gene
in several isolates. These could cause overestimation or false pos-
itives if not confirmed by gel electrophoresis. Two products, a
292-bp product in PCa2bi and a 373-bp product in GrF (Fig. 3b,
arrows), were sequenced. Analysis of their sequences (see Table S2
in the supplemental material) indicated that mispriming resulted

FIG 1 Unrooted phylogram illustrating sequence differences between ina alleles based on 385 nucleotides of the core of the gene. Isolates from this study are
given in boldface. The tree was generated using neighbor-joining based on proportional distance (the scale bar shows percent dissimilarity). Also shown are the
demonstrated (solid lines) and predicted (dashed lines) strengths of amplification using the two primer pairs.
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from regions of amino acid sequence similarity to both primers. In
both cases, almost complete complementarity occurred along the
first 9 to 11 bases back from their 3= ends. To attempt to prevent
this, the combined annealing/extension temperature was raised or
its time reduced to starve these longer products of time for forma-
tion, but both modifications also caused reduced amplification
efficiency of other alleles. Isolate LSb also suffered from misprim-
ing, but the reason for it was not apparent.

With both primer pairs the response to ina gene copy number
was linear over six orders of magnitude (up to 106 added). The
efficiency of amplification was 84 to 86% for both. Sensitivity was
affected by the choice of reverse primer and the propensity of
primer 3341fb to misprime. In tests using Ps. syringae Cit7 stan-
dards, both 3308f/3462r1 and 3341fb/3462r1 detected 1 to 3 gene
copies, with the uncertainty being due to binomial sampling vari-
ation. 3308f/3463r sensitivity was often limited to 5 to 10 gene
copies (see Fig. S2 in the supplemental material) due to the pro-
duction of primer-dimers.

qPCR of INA bacteria in environmental samples. All blank
extractions and PCR negative-control reactions were negative.

Table 2 summarizes results of the qPCR of ina genes in leaf wash-
ings and precipitation using the two primer pairs. For crops, INA
bacterial populations on dicots ranged from �105 to �107 g�1

fresh weight of vegetation, while on monocots the range was
roughly an order of magnitude higher, reaching �108 g�1 fresh
weight on wheat and barley. Sequencing of the qPCR amplicons
from wheat and barley showed that Ps. syringae isolate BXIN4
predominated on both. This allele is a variant of Ps. syringae inaQ
and was the most frequently occurring in the region. It was also
found in isolates recovered from bean lesions and leaf washings of
sugar beet and barley at the irrigated field, as well as dominating
the qPCR products of leaf washings of wheat, corn, and ley field
vegetation from an organic farm in Colorado (unpublished data
from the same sites used by Garcia et al. [35]). Much smaller INA
bacterial populations were found on naturally occuring grasses
than on irrigated grasses, and none at all were detected on Quak-
ing Aspen (Populus tremuloides) or Lodgepole Pine (Pinus con-
torta). An unexpectedly high population occurred on mountain
mahogany (Cercocarpus montana), a shrub that possesses small,
thorn-protected, verdant leaves. While there was generally good

FIG 2 Phylogenetic relatedness among alleles using distances derived from amino acid sequences and the Jones-Taylor-Thornton model (60). Because only 128
amino acid residues of the gene were used, this phylogram provides only an approximate representation of evolutionary distances. Confidence levels are
expressed as percent support for each branch placement and were derived using the interior branch test. GenBank accession numbers for reference sequences are
given in the supplemental material.
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correspondence between ina gene counts obtained with both
3308f and 3341fb primers on the irrigated crops, in naturally oc-
curring vegetation, primer 3341fb was more prone to mispriming.

Only primer pairs 3308f/3462r1 and 3308f/3463r were used
with precipitation (Table 2), since initial tests showed they had
higher sensitivity and rarely misprimed with these samples. The
highest concentration of ina genes, 1.2 g�1 melt, occurred in hail
that fell at the start of an evening thunderstorm. Sequencing of the
qPCR product showed it was principally the common BXIN4 al-
lele. ina genes were detected in 9/16 snow samples at concentra-
tions ranging from 	0.01 to 0.45 ina genes g�1 snowmelt. Se-
quencing of these qPCR products revealed a wide range of INA
bacteria: Ps. syringae allele BXIN4 predominated in about half,
while other principal sequences comprised two other alleles from
the Ps. syringae clade, one Pa. agglomerans allele, one X. campestris
pv. campestris allele, and one from the Ps. fluorescens/putida group
identical to an isolate obtained from snow in Greece. Other par-
tially readable sequences in the snow samples included alleles re-
lated to Cit7, inaV, SBPci, inaA-inaE-inaU, and inaX.

Comparisons between ina gene copy numbers and numbers of
INP in the same samples are summarized in Fig. 4. In leaf wash-
ings, the ratio of ina gene copies to INP active at �10°C ranged
from 2 to 2,000 (median, �50). These values are comparable,
considering the lower test temperature, to ratios of 15 to 20,000
(median, 500) found for INA Ps. syringae to INP active at �5°C on
plants grown in 40% relative humidity (RH) (46) and to ratios of
100 to 12,500 (median, �1,000) for INA bacteria to INP active at
�3°C to �4°C on field-grown oat leaves (47). Heat treatment to
denature the biological fraction in leaf washings reduced the INP
active at �10°C by �75% in all plant species other than sugar beet.
In the three monocots, heating to 105°C essentially eliminated all
ice nucleation activity; even at �18°C the INP number was re-
duced by �95% compared to that of untreated samples (see Fig.
S3 in the supplemental material). This suggests that the prodi-

gious INA bacterial populations in the three monocots were the
principal sources of these INP. The resistance of 30 to 40% of the
INP to deactivation by 60°C heat treatment in barley and smooth
brome grass may reflect the abundance of INA xanthomonads in
these populations; as noted above, an INA xanthomonad isolated
from smooth brome was unusually resistant to heat inactivation.

In contrast, the ratio of ina gene copies to INP active at �10°C
in precipitation samples was 	1 in all samples. The summer hail
sample possessed the highest ratio of �0.3. For snow, they ranged
from below the detection limit to 0.1 ina genes per INP active at
�10°C, with a mean ratio of 0.025 in samples in which the gene
was detected. It is probable that some of these are underestimates
given the inability of primer pair 3308f/3462r1 or 3308f/3463r to
detect some alleles and their lower efficiency with others. How-
ever, the consistency of the low levels suggests the INA bacteria
were generally infrequent. Even so, biological INP were still the
predominant source of INP in 15/16 snow samples (to the limit of
measures at �12°C; see Fig. S4 in the supplemental material). On
average, �85% of INP active at �10°C were destroyed by heating.
The one snow sample that was atypical (see Fig. S4, 2/12&13/12
M) stained the filter a light tan color, had the lowest INP concen-
tration overall, and possessed a log-linear relationship between
INP and temperature indicative of minerals (19).

DISCUSSION

Taken together, the two primer pairs developed in this work am-
plified all tested alleles of the ina gene, the gene that codes for the
ice-nucleating protein in INA bacteria. They should also amplify
all published alleles for which we lacked representative isolates
based on the DNA sequences at their priming sites. Previously,
due to the high diversity of the ina gene, primers have been de-
signed to amplify only single alleles or clades, such as inaZ (56, 63,
65), inaA (56, 65), inaW (55, 56, 58, 63), or inaX (56). Primers
targeting the core and able to amplify multiple alleles have been

FIG 3 Comparison of qPCR performance for primer pairs 3308f/3463r (a) and 3341fb/3462r1 (b). Horizontal arrows indicate the sizes of intended products,
upward-pointing arrows show unintended but workable misprimes off the ina gene, and downward-pointing arrows show confounding misprimes off other genes.
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developed (C. Guilbaud and C. Morris, personal communication)
but have not to our knowledge been published.

Both primer pairs have potentially high sensitivity. Primer
combination 3308f/3462r1 was able to detect spikes with a mean
of 4 ina gene copies added to atmospheric aerosol samples (35),
and both 3308f/3462r1 and 3308f/3463r were able to detect spikes
of 6 ina gene copies in snow samples (the 95% confidence ranges
for these spikes were 0 to 8 and 1 to 10 copies, respectively). The
presence/absence method used to estimate ina gene number in the
humic snow sample of 2 to 3 February 2012, in which each PCR
amplified the DNA extracted from the equivalent of only �5 g
snow, suggests that single gene copies can be amplified.

However, neither of the primer pairs was able to amplify all
alleles individually, and they needed to be used in combination to
obtain complete coverage. Figure 1 summarizes their strengths
and weakness and illustrates this complementarity. Apart from
the mismatches to primers, the impedance of primer annealing by
DNA secondary structure also seems to have contributed to inef-
ficient amplification of some isolates (e.g., Sbr1009a, LSb, and
�17). Secondary structure is promoted throughout the core of the
ina gene, because the first two amino acids of each octapeptide are
typically alanine and glycine, with codons GCN and GGN, respec-
tively, creating G/C-rich sequences every 24 bases that often form
strongly bound stems (58). DMSO was a necessary addition to the

TABLE 2 Quantification of ina genes in leaf washings and precipitation using two primer pairsb

Plant or date of precipitation
(mo/day/yr)

ina gene copies g�1 (fresh wt)
vegetation or precipitation Closest isolate or allele of any sequenced qPCR amplicons (% similarity)

3308f/3462r1 or
3463r 3341fb/3462r1 3308f/3462r1 or 3463r 3341fb/3462r1

Irrigated crops
Alfalfa 1.1 � 106 2.5 � 106

Corn 1.0 � 105 5.9 � 105

Beans 3.3 � 105 7.6 � 105

Potato 9.6 � 105 MP
Sugar beet 7.2 � 106 4.7 � 106

Barley 7.6 � 107 1.4 � 108 Ps. syringae BXIN4 (100) Ps. syringae BXIN4 (100) and
X. campestris inaX (95)

Smooth brome grass 2.1 � 106 2.9 � 106

Wheat 1.0 � 108 1.8 � 108 Ps. syringae BXIN4 (100) Ps. syringae BXIN4 (100)

Naturally occurring vegetation
Crested wheat grass 4.0 � 103 2.1 � 104

Smooth brome grass 2.7 � 104 MP
Western wheatgrass 3.8 � 104 1.4 � 105

Common timothy 7.6 � 102 MP
Redtop bentgrass 3.1 � 103 ND
Aspen ND ND
Mountain mahogany 9.2 � 103a 6.4 � 105

Lodgepole pine ND ND
Sagebrush 8.4 � 102a MP

Hail
6/10/2010 C 1.2 � 100 Ps. syringae BXIN4 (100)

Snow
1/25/11 M 8 � 10�2 Ps. syringae BXIN4 (100)
1/25/11 C 1 � 10�1 Pa. agglomerans SBPci (96)
1/31/11 M ND
1/31/11 C 2 � 10�2 Not sequenced
2/5/11 and 2/6/11 C 2 � 10�2 Ps. syringae BXIN4 (99.5)
2/24/11 and 2/25/11 C ND
3/8/11 M ND
3/12/11 and 3/13/11 C ND
3/28/11 and 3/29/11 C 1 � 10�2 Ps. syringae BXIN4 (100)
1/22/12 C ND
2/2/12 and 2/3/12 M 3 � 10�1 Ps. poae �17 (100)
2/2/12 and 2/3/12 C 4.5 � 10�1 Ps. syringae BXIN4 (100), Ps. syringae Cit7 (99),

mix of Ps. syringae BXIN4 and Cit7
Ps. syringae BXIN4 (99)

2/12/12 and 12/13/12 M ND
2/28/12 C site 1 9 � 10�3 Ps. syringae inaV (98)
2/28/12 C site 2 ND
4/15/12 and 4/16/12 M 4 � 10�3 X. campestris XCR 4000 (98.5)

a Underestimation due to mispriming.
b C and M indicate samples collected in Laramie city and in the Laramie Mountains, respectively. ND, no ina gene product; MP, misprime preventing quantification.
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PCR mixes (66), especially for efficient amplification of inaX-re-
lated alleles using 3341fb and of inaW-related alleles using 3308f.

Since each primer set amplifies a subset of the total diversity of
ina alleles, each will underestimate the total population of INA
bacteria. This will be significant if alleles that either primer pair
fails to amplify comprise a significant proportion of the popula-
tion. Although they possess complementarity, the overlap in their
coverage is too great to allow summing of both results to obtain a
total. Therefore, the more accurate estimate will be provided by
the primer set that, in the absence of any mispriming, gives the
higher value. This was typically 3341fb/3462r1, by a factor of �2
to 5, due to its broader coverage (Table 2), as was demonstrated by
sequencing qPCR amplicons from barley. When using 3341fb/
3462r1, the qPCR estimate for barley was 1.4 � 108 ina gene copies
g�1 fresh weight. Sequencing of the qPCR product revealed two
approximately codominant alleles, one identical to isolate BXIN4
and the other related to inaX in X. campestris pv. translucens. In
contrast, when primer pair 3308f/3463r was used, the estimated
ina gene copy number was halved and the sequence of the qPCR
amplicon was dominated solely by the BXIN4 sequence. Although
providing wider coverage, primer 3341fb was also more prone to
mispriming at levels high enough to nullify the test (Table 2 and
Fig. 3b). In contrast, 3308f often produced more conservative es-
timates but had better specificity (35).

Both sets amplified as-yet undescribed ina gene alleles (Table
2). Sequencing of qPCR products from leaf washings of other
sampled crops (35 and Hill, unpublished) detected numerous ina
alleles from the Pantoea that were not found in isolates screened
from the same leaf washings, suggesting these strains were not
readily cultured. A higher failure rate would also be expected for
new ina alleles. Thus, it is promising that all ina genes in the di-
verse collection of INA bacteria assembled during this study could
be amplified by one or both primer pairs.

For the cereals, the qPCR estimates corresponded closely to
populations of viable INA Ps. syringae found on barley in the
neighboring state, Montana (67). On these fully grown plants,

peak populations of INA Ps. syringae across all varieties were sim-
ilarly high, at 0.4 � 108 to 1 � 108 CFU per gram fresh weight of
leaf (converted from their values of 0.8 � 107 to 4 � 107 CFU per
leaf by using 0.2 g per leaf and adjusting for relative abundance of
INA Ps. syringae in the total population). Unexpectedly, viable
counts of INA bacteria in our barley leaf washings equated to only
1.2 � 106 g�1 leaf, only a small percentage of the number found
using qPCR, suggesting lower viability on our late-season crop.
Smaller populations of INA bacteria were found on cereals by
Lindow et al. (7), whose estimates ranged from none detected to
	103 CFU g�1 fresh weight, while Lindemann et al. (33) found
modest levels of �105 INA bacteria g�1 on wheat in mid-June.
These smaller populations may have been due simply to the sam-
ples being taken earlier in the growing season (67). Among non-
cereal crops, the qPCR values found in this study, and in Garcia et
al. (35), were consistently 10 to 1,000 times higher than values
found using culturing (7, 33). However, it is possible that, once
again, seasonal and local environmental influences accounted for
many of the differences, in addition to likely differences in viabil-
ity and high spatial variability in populations. Hirano et al. (68)
found INA bacterial populations ranged from 4 � 103 to 2 � 106

on individually tested corn leaves. Lack of detection of ina genes
on Quaking Aspen (Populus tremuloides) and Lodgepole Pine (Pi-
nus contorta) matches the findings of Lindow et al. (7), who re-
corded �103 INA bacteria g�1 fresh weight of leaf on Ps. tremu-
loides and none detected on any of three pine species tested.

We detected ina genes in 9/16 snow samples, quite similar to
the proportion of 3/9 fresh snow samples from which Ps. syringae
was recovered using culturing (15). In contrast, while we detected
only 	0.01 to 0.45 ina genes g�1 snowmelt, Morris et al. (15)
recovered 0.15 to 130 Ps. syringae CFU g�1 (all strains tested from
fresh snow were INA). Although the snow samples contained di-
verse ina genes, most were from the Ps. syringae clade, presumably
a reflection of their prevalence on the region’s agricultural crops.

INA bacteria, or at least INA bacteria with residual DNA, con-
tributed a minor proportion of INP active at �10°C in precipita-
tion, even though most INP, from their susceptibility to heat, had
a biological source. This relative scarcity of the INA bacteria
among a predominantly biological source of warm-temperature
INP mirrors the characteristics of total aerosols sampled above
crops in September and October in Colorado (35). An exception
was the June thunderstorm hail, which contained �1.2 ina genes
g�1 hail and �0.5 ina genes per hail stone, indicating a substantial
potential contribution to the warmest INP. On a per-weight basis,
this was 10 times the abundance of INA Ps. syringae found in ice
and rain collected 180 to 2,500 m above a wheat field in Montana
(8). As in Sands et al. (8), Ps. syringae was also the predominant
allele in the hail. Vali (69) concluded that storm INP were of local
surface origin, and significant epiphytic populations of INA bac-
teria would have been present on the green rangeland vegetation
that surrounded Laramie at the time.

The numbers of INP active at �10°C in snow were up to eight
times higher than those found in other studies in adjoining states
(17, 39). This is likely due to the larger number of samples sur-
veyed here, as well as the relatively low measurable cap on values in
the method used by Christner et al. (39). Reductions in INP ob-
served after heating broadly match those of Christner et al. (39),
although they were not as pronounced; they observed complete
loss of ice nucleation activity, to �9°C, in all 10 snow samples
from Montana. The concentration of INP active at �10°C in the

FIG 4 Comparison of numbers of ice-nucleating particles (measured at
�10°C) and ina gene copies in leaf washings and, when detected, in precipita-
tion samples (full spectra are given in Fig. S3 and S4 in the supplemental
material). C and M indicate samples collected in Laramie city and in the Lar-
amie Mountains, respectively. DL indicates the lower detection limit in a sam-
ple in which no INP were detected after heat treatment. fr. wt., fresh weight.
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hail sample was within the range of �3 to 100 g�1 found in north-
east Colorado by Vali (69).

Development of universal ina gene primers for qPCR of the
INA bacteria requires substantially more ina genes to be se-
quenced to reveal its true phylogenetic diversity. In this study, we
found 18 new ina alleles, several of which are highly divergent
from known clades. Direct sequencing of qPCR products also in-
dicated significantly more diversity than is currently represented
by isolates, particularly among the Pantoea. The sensitivity and
coverage of both qPCR tests could also be significantly improved,
and biases caused by differences in allele amplification efficiencies
avoided, if the primers are combined with a probe and used in
droplet digital PCR (70).
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