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Abstract: Successful isolation of pollen DNA is required for multiple disciplines. However, pollen
DNA yields are typically low, perhaps because of physical-chemical challenges associated with
lysing and exine removal. Here, an initial systematic literature review showed that efforts to improve
pollen DNA isolation have focused primarily on optimizing lysis bead type and duration, and
identifying effective commercial kits and/or in-house methods. Studies have not apparently focused
on preventing clogging of kit-based DNA purification columns caused by post-lysis pollen debris
including the exine. Here, chloroform:isoamyl alcohol 24:1 (C:I) was added as a post-lysis cleaning
treatment to a commercial DNA isolation kit-based protocol to test its effect on pollen DNA yield of
maize (Zea mays L., corn) as a model. C:I was tested in conjunction with different lysis durations and
pollen quantities, along with lysis bead type, to determine optimal combinations. C:I improved final
DNA yields <31% regardless of lysis duration and pollen quantity, compared to non-C:I controls. The
optimal lysis duration depended on pollen quantity and vice versa, although bead type demonstrated
a greater impact when coupled with C:I. The resulting DNA was of sufficient quality for microbiome
analysis. This optimized protocol may minimize the pollen amount required for robust DNA
isolation.
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1. Introduction

Plant pollen carries the male gamete, or sperm cells, essential for seed production [1]. Pollen
DNA isolation is helpful for multiple disciplines. For example, pollen DNA has been used to
investigate plant-pollinator relationships and bee ecology [2-9], food (honey) authentication [10,11],
human immunology via pollen monitoring [12-14], urbanization effects on the environment [15,16],
historical and forensic analyses [17-19] and to analyse the pollen microbiome [20-26]. In several of
these disciplines (e.g., forensic analysis), only trace pollen quantities are sometimes available, making
pollen DN A-based analysis challenging. Methodological advancements are needed to improve DNA
yields with less starting pollen.

Pollen grains are composed of an outer surface, known as the pollen wall, which provides
protection and structural support. The components of the pollen wall include the outer (exine) layer,
the inner (intine) layer, and the tryphine or pollen coat which is deposited between the cavities
formed in the exine [27]. This results in a unique patterning of the pollen outer surface which is
dependent on plant species and mode of pollination [1,27,28]. During development, pollen
progenitor cells utilize a multitude of substrates for the biosynthesis of the pollen wall, including
complex proteins, lipids, carbohydrates and phenolic compounds [29,30]. At the lysis stage of the
DNA isolation process, these elements become exposed in the pollen lysate and can interfere with
downstream steps affecting DNA yields. The pollen exine layer is of primary concern. The exine is
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comprised of the stable biopolymer sporopollenin, which is resistant to common terrestrial stressors
such as heat, solubility, UV damage and oxidation [31]. An early study from 1997 found that
mechanical lysis via bead-beating was the most effective approach to break down exine and extract
DNA from ruptured tree pollen grains when compared to chemical and temperature-based
approaches [32]. It is now a widely applied pollen lysis method in many commercial kits and in-
house protocols.

To remove exine debris, chloroform containing reagents can be used to separate nucleic acids
from other cellular remnants. In-house protocols extract debris using chloroform:isoamyl alcohol 24:1
(CI), phenol:chloroform:isoamyl alcohol 25:24:1 (P:C:I) or chloroform [46] (Table 1), while
commercial kits omit the use of such solvents as a post-lysis cleaning step. Instead, commercial kits
rely on an initial crude lysate filter followed by multiple ethanol buffer wash steps to remove DNA
impurities. In addition, in-house methods and commercial DNA isolation kits differ in that the former
is typically less costly but more time consuming compared to the latter. Furthermore, across many
pollen DNA isolation methods, there appears to be a varying selection of parameters used (Table 1).
This includes the amount of starting pollen material and how it is quantified (per grain or by weight),
lysis method, duration and strength, and finally the selection of high-performing DNA isolation
protocols, in-house or commercial.

Table 1. Summary of published pollen DNA extraction optimization methods and associated final DNA

yields.
Lysis
Post-
Mechanical; B lysi Final DNA
Study type  Sample Type Amount Kit/Method ec ar}lca ’ ead Chemical ySI,s ma' b Ref.
duration type cleaning yield
Singl T 11 In-h Mini- 1.5mlx1 Protei 3,900-109,000 32
ingle ree p(? en 50 mg n-house Beadbeater®: .5ml x roteinas | , , [
method (8 species) CTAB . mm glass eK ng ]
2 min
Singl Apis cerana In-h Glassrod;5- 008X Protei 33
ingle i n n-house ass rod; 5- roteinas
1 .5-1 P:.CI -1
method honey 3m CTAB 10 min 0.5-1 mm eK ¢ 60-1,350 ng ]
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DNeasy®
Plant Maxi
Kit
Papaver Mortar-
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¢ analysis smﬁmferum L. 100 mg DNA pestle; "y SDS il 210,700 ng 1
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Kit
In-house
In-house
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. 4 Pine wildand sutomated ?g‘lt“h MM 100 mg Prote 55
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e analysis In-house mill; 1 min, eK ]
honey m
CTAB 20 Hz/s
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P including Zea P ) mill; 304.3 s 1gx14 eK 8 ]
n grains honey
mays) (mean) mm
ceramic
0.5gx0.5
mm glass
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(21)8H0ney 1) 200 mg Thermomixer
Single commercial 2) 200 mg In-house ;30 min, Proteinas C 4900 [37
method pollen CTAB 65°C, 300 eK ’ 8 ]
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Nucleospin
Plant
II+CTAB
Nucleospin
Plant ITI+SDS Vortex; 2 x 1
C ti Z 1 Protei 38
ompara. v o6 mays 10-100mg  Nucleospin min, 2500 mm roemas ¢ 1,200-2,500 ng L
eanalysis  pollen . glass eK
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modification glass)
s
He 15 g (100 DN Vortex; 2 7-8 .
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mill; 20 Hz/s,
1 min

aPost-lysis cleaning used reagents containing the solvent chloroform e.g., phenol:chloroform:isoamyl alcohol
25:24:1 v/v (P:C:I), chloroform:isoamyl alcohol 24:1 v/v (C:I) and pure chloroform (C). *Final DNA yields were
converted to absolute DNA (ng) if elution volumes were provided. If elution volume was not stated, DNA yield
was kept as a concentration (ng/ul). Final DNA yields were obtained from the specified method if only one was

utilized, or as a result of the best performing method and parameters tested (bolded).

This study had two main objectives. The first objective was to conduct a systematic literature
review of pollen DNA isolation optimization studies to identify protocol parameter modifications
that significantly improved DNA yields, while revealing potential optimization gaps. This review
revealed that users of commercial DNA kits have not employed organic solvents to remove pollen
debris. In our own early trials, we experienced low pollen DNA yields with a commercial DNA
isolation kit, which we suspected was due to clogging of the filter columns by such debris. As a result,
our second objective was to test the addition of chloroform: isoamyl alcohol (C:I) as a post-lysis
cleaning step in conjunction with a commercial DNA isolation kit to determine its effect on final
pollen DNA yields. Maize/corn (Zea mays L. ssp. mays) was used as a model system due to its readily
accessible pollen as a wind-pollinated plant [47], and for its importance as one of the top three most
important food crops globally [48]. Modifications to additional parameters were tested alongside the
presence or absence of C:I to reveal whether short (70 s) or long (6 min) lysis durations and small
(1545 mg) or large (12525 mg) pollen amounts could be optimized for maximum DNA yield. Finally,
based on the literature review, two bead type modifications were selected to test pollen lysis
performance, specifically 0.5 mm glass and 2.8 mm ceramic beads, using the optimized parameters.

2. Results

2.1. Systematic Review of Published Pollen DNA Isolation Studies

Fifteen pollen DNA isolation optimization studies fit the selection criteria and are summarized
in Table 1. An assortment of different plant sources were used in these studies, and aimed to: (1) test
different protocols and/or kits against one another based on highest DNA yields obtained
[34,35,38,39,44]; (2) present a single new protocol [2,32,33,37,40,41,43,45]; or (3) test different bead
materials and sizes alone [36] or in conjunction with different commercial kits [42].

Variables were observed in two aspects of the basic pollen DNA isolation protocol. The first
variable was the pollen sample amount, where starting sample quantities ranged from less than 10
mg to 200 mg (Table 1, column “Amount”). Since several studies measured pollen quantity by
number of grains, it is uncertain whether the proposed range was accurate (Table 1). Pollen-
containing liquid honey sample quantities were similar in that they were reported by weight (g) or
volume (ml) and were tested at amounts of 15 g and 50 g for the former, and 3 ml and 12.5 ml for the
latter (Table 1). The second variable were parameters related to lysis. Mechanical lysis was conducted
using bead mill, vortex, thermomixer or manual methods which have different metrics to measure
strength, while lysis duration typically ranged from 1 to 5 min but also extended into 10 min and 3 h
(Table 1, column “Mechanical; duration”). These longer duration times were coupled with the use of
a thermomixer and loosely correlated to larger sample amount (Table 1, column “Amount” and
“Mechanical; duration”). These observations suggest that several foundational parameters
underlying pollen DNA isolation protocols in the literature are inconsistent, which in turn affects the
comparability of final DNA yields across studies.

In the context of comparative analyses of kits and/or methods, two studies reported that their
top performing protocol based on maximum DNA yield were in-house methods when compared to
commercial kits: one CTAB- [38] and one SDS- [34] based method. Four single method studies also
employ in-house CTAB-based pollen DNA extraction methods (Table 1, column “Study type” and
“Kit/Method”). In contrast, three separate studies reported the use, each, of the FastDNA® SPIN Kit
for Soil with modifications [39], Macherey-Nagel NucleoMag® Tissue kit [42] and Wizard® DNA
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purification resin and columns [44] as the best performing compared to the other commercial kits
tested. These top performing commercial kits or kit components were not used in any of the other
studies listed in Table 1, although the Qiagen DNeasy Plant kit and Macherey-Nagel Nucleospin kit
variations were often employed in comparative and single method studies (Table 1). These findings
indicate that although commercial kits are a popular choice for extracting pollen DNA, in-house
methods are just as effective with potentially better DNA yields in comparison.

Condition 1: Condition 2: To 2 ml tubes, Condition 3: Condition 4:
15-Short 15-Long add Zea mavs pollen: 125-Short 125-Long
STAGE e

15mg 15mg Pollen quantity modifications 125 mg 125 mg
I I i} (I (mm il
— — W W Add ZymoBIOMICS™ Lysis
Buffer to pollen sample with
0.5 g x 0.5 mm glass beads

Homogenize:

70s 6 min Lysis condition modifications 70s 6 min
Spin at 16,000 x g, 3 min

I DNA quantification 1: Post-lysis
Post-lysis cleaning:

NoC:l | C:lAdded NoC:l | C:lAdded  Post-lysis cleaning NoC:l | C:lAdded  NoC:l | C:l Added
modifications

m ) I i
i 1LY Aliquot supernatant ]

Add equal parts C: (1)

- Shake at 100 rpm, 10 min
) Spin at 5,500 x g, 15 min
iy m

Aliquot supernatant

)
Add equal parts C:l (2) ‘
=
A ) AN D Repeat shake and spin Q ) X )
N 4 T3 N 4 3 . < =/ -

Transfer aqueous phase to .
Zymo-Spin™ III-F Filter 1 1

PappY 112

Spin at 8,000 x g, 1 min

DNA quantification 2:
Post-treatment filtrate

>

ZymoBIOMICS™ protocol,
Step 4

|— e I

Elute DNA

| =) |
E Proceed with g
]

Incubate column, 4 min l

O
= :Q}fn. \14— “
=3

hgj. | DNA quantification 3: Final | |

—y

Figure 1. Workflow of the different modified parameters tested to optimize maize pollen DNA yield: pollen
quantity (pink), lysis duration (purple) and post-lysis cleaning (green). The 3 stages of the protocol were: A,
Homogenization; B, Post-lysis cleaning (+/-C:I); and C, DNA isolation. Created in BioRender. Miraples, A (2024)
BioRender.com/c17w322.

Bead type optimization was tested by two studies [36,42], both of which achieved higher pollen
DNA yields with beads larger than 1 mm made of harder material such as ceramic or steel (Table 1).
Several past and recent studies have used glass beads of 1 mm or less, however a few others have
incorporated ceramic and steel beads into their pollen DNA isolation protocols to obtain relatively
high pollen DNA yields (Table 1, column “Bead type”). Ceramic beads have been observed with
diameters of 0.1 mm, 1.4 mm and 2.8 mm, while the standard diameter for steel beads was
consistently 5 mm (Table 1, column “Bead type”). Furthermore, one study used a matrix of three
different bead sizes and materials, including 1.4 mm ceramic beads [39]. Taken together, these
findings suggest that the selection of lysis beads that are relatively larger sized ceramic or steel
material improve pollen rupture and final DNA yields.
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Finally, it was observed that proteinase K was used in 13 of the 15 pollen DNA isolation
protocols as a chemical lysis agent to breakdown proteins and enzymes regardless of the method or
kit used (Table 1, column “Chemical”). This observation indicates that proteinase K is a
comparatively standard component of most pollen DNA isolation protocols.

2.2. Chloroform:isoamyl Alcohol (C:I) Extraction as a Post-Lysis Cleaning Step to Improve Final Pollen
DNA Yields

We hypothesized that low pollen DNA yields are due to pollen exine lysate clogging the DNA
purification column, preventing DNA elution. To attempt to overcome this, chloroform:isoamyl
alcohol 24:1 v/v (C:I) based extraction was added as a post-lysis cleaning step (Figure 1, Stage B). As
significant debris was found after the first extraction, two extractions were used. The final DNA
yields of the cleaned samples were compared to the non-C:I controls (Figure 1, DNA Quantification
3). Four different treatments were undertaken, each with a different combination of pollen quantity
and

lysis duration: 15-Short (15+5 mg, 70 s of lysis), 15-Long (15+5 mg, 6 min of lysis), 125-Short
(12525 mg, 70 s of lysis) and 125-Long (125+25 mg, 6min of lysis).There were eight replicates per
treatment, and two independent trials (Figure 1; Table 2). Both trials showed a similar trend of
increased final median DNA yields obtained with +C:I in comparison to the non-C:I added control
(Table 3, bottom 3 rows). The final yield increase with +C:I was significant (p<0.05) for 4 of the 8
attempts across the trials and ranged from 2-10 fold, with the exception of some samples containing
15+5 mg and one trial of the 125-Short treatment. The majority of these exceptions had no detectable
DNA yields, regardless of the C:I treatment (Table 3, bottom row). There were no examples where
the non-C:I treated sample final yield was significantly higher than the +C:I treated sample yield. The
results suggest that the addition of C:I as a post-lysis cleaning step is not detrimental to final pollen
DNA yields and may increase it significantly.

Table 2. The effect of post-lysis cleaning (+/-chloroform:isoamyl alcohol, C:I) on DNA yields under four different
pollen quantity and lysis duration combinations. The pollen quantities were: 15 + 5 mg (15) or 125 + 25 mg (125).
The lysis durations were: Short (70 s) or Long (6 min). Absolute DNA yields were calculated at 3 stages in the
protocol from Figure 1: post-lysis (DNA quantification 1), post-treatment (DNA quantification 2), and final DNA

yield (DNA quantification 3). There were 8 replicates per treatment and two independent trials.

DNA yield (ng)
Trial 1 Trial 2
No chloroform:isoamyl Chloroform:isoamyl No chloroform:isoamyl Chloroform:isoamyl
alcohol 24:1 (C:I) alcohol 24:1 (C:I) added alcohol 24:1 (CI) alcohol 24:1 (C:I) added
g g g g
.8 % & % .8 % .2 %

2 2 g = Eog - s oy
- o % % EE 6o 3 £ EF |a3 3E 6 3 L EE
Conditions & & £ 2 ¢ = £ E i g & £ & i ¢ = £ &
1 993.0 4860 178 1 14640 432.0 1385 1 696.0 3456 0.0 1 729.0 1818 0.0
2 3210 2772 102 2 1788.0 459.0 78.0 2 1125.0 3942 0.0 2 8760 0.0 0.0
3 00 469.8 348 3 2133.0 585.0 80.5 3 8370 3402 0.0 3 5700 0.0 0.0
ighrzrgt/ 4 6600 3006 0.0 4 1482.0 4554 755 4 6690 4212 00 4 8370 1944 00
70 sec 5 4800 3366 7.4 5 3540 4878 50.0 5 9660 2772 0.0 5 8730 2034 0.0
6 6900 1998 0.0 6 7710 2106 13.0 6 537.0 2718 0.0 6 411.0 2754 0.0
7 6570 2736 0.0 7 1149.0 3708 8.9 7 5460 3654 0.0 7 7290 3654 148
8 1230.0 3618 216 8 4710 1944 59 8 8400 2790 0.0 8 8520 3438 126
1 3630.0 2358.0 0.0 1 3420.0 2376.0 36.7 1 16350 675.0 0.0 1 7050 2952 272
> 2 3480.0 2016.0 0.0 2 2589.0 1351.8 35.1 2 7080 3438 0.0 2 9660 6174 0.0
Longi15:5 3 2520.0 1504.8 0.0 3 3240.0 1872.0 46.5 3 1092.0 597.6 0.0 3 1260.0 759.6 13.1
p Imnlgri 4 3510.0 2196.0 0.0 4 2796.0 1794.6 17.1 4 9060 4554 0.0 4 1920.0 1171.8 83.8
5 3780.0 2250.0 0.0 5 2787.0 1607.4 30.9 5 579.0 3186 0.0 5 7500 4572 0.0
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6 3060.0 1926.0 0.0 6 3990.0 2988.0 34.5 6 813.0 4032 0.0 6 960.0 4608 0.0
7 4110.0 2340.0 91.3 7 3510.0 2286.0 46.4 7 399.0 0.0 0.0 7 8730 4572 0.0
8 4020.0 24120 0.0 8 3060.0 1836.0 21.7 8 927.0 4320 0.0 8 1194.0 696.6 0.0
1 3000.0 1890.0 63.0 1 1737.0 5832 68.5 1 3420 0.0 0.0 1 309.0 0.0 123.5
2 2406.0 1405.8 124 2 1707.0 4896 293 2 7740 3924 408 2 8100 0.0 96.0
125-Short: 3 2418.0 1350.0 16.5 3 1557.0 5328 122 3 486.0 2448 238 3 00 0.0 47.0
125425 4 1638.0 1036.8 0.0 4 1821.0 6786 46.8 4 5610 2196 0.0 4 0.0 0.0 51.0
mg/ 5 2361.0 13194 55 5 2313.0 6732 353 5 0.0 0.0 104 5 0.0 0.0 0.0
70 sec 6 2289.0 13122 17.0 6 1668.0 7074 10.6 6 0.0 0.0 0.0 6 0.0 0.0 29.2
7 1905.0 1087.2 0.0 7 1953.0 856.8 49.6 7 3180 0.0 0.0 7 0.0 0.0 48.0
8 2061.0 1279.8 29.3 8 1296.0 6174 29.6 8 372.0 0.0 164 8 0.0 0.0 8.5
1 41700 16614 83.7 1 3420.0 1573.2 216.0 1 3780.0 1890.0 0.0 1 3240.0 1332.0 101.0
2 4350.0 2628.0 233.0 2 4530.0 2070.0 1110.0 2 3330.0 2556.0 10.2 2 3660.0 2412.0 105.0
125-Long: 3 3960.0 2448.0 57.4 3 4110.0 1818.0 980.0 3 3210.0 2142.0 523 3 3540.0 2250.0 65.5
125+25 4 5130.0 3168.0 35.6 4 5520.0 2448.0 1160.0 4 2862.0 1591.2 10.6 4 3930.0 3204.0 65.1
mg/ 5 11160.0 5238.0 11.8 5 4350.0 1733.4 163.0 5 3750.0 2070.0 81.1 5 3690.0 2016.0 147.0
6 min 6 2979.0 1908.0 209.0 6 3720.0 1836.0 647.0 6 5460.0 2988.0 242.0 6 3930.0 1713.6 396.0
7 3060.0 21420 175.0 7 2583.0 1130.4 209.0 7 3930.0 2700.0 78.0 7 3960.0 1962.0 348.0
8 6570.0 4122.0 136.0 8 2550.0 8622 201.0 8 4110.0 2808.0 96.7 8 3690.0 2070.0 305.0

Table 3. Statistical analysis of median DNA yields +/-C:I treatment and under different protocol parameters.
Absolute median DNA yields (ng) of maize pollen samples treated with +/-C:I under four different pollen
quantity and lysis duration combinations. The pollen quantities were: 15 + 5 mg (15) or 125 + 25 mg (125). The
lysis durations were: Short (70 s) or Long (6 min). Absolute median DNA was calculated from the 8 replicates
per treatment (Table 2) at 3 stages in the protocol: Figure 1 post-lysis (DNA quantification 1), post-treatment
(DNA quantification 2), and final DNA yield (DNA quantification 3). Two independent trials were conducted.
Comparisons were made using the Wilcoxon matched-pairs signed rank tests. P values were calculated based
on paired differences and rank. An asterisk denotes a statistically significant difference from No C:I control at
the 0.10 level, and two asterisks at the 0.05 level.

Median DNA yield (ng)
Trial 1 Trial 2
) ) W ®
» - = & * - g g
3] ¢) te] 8D [e] [Te)
E £ 4 B £ = & &
LS o - £ b o = £ b
5 5 g £ g 5 g £ 5
£ 5 3 S E B g - £ 58 S & T3 =
8 0 o & E & o q E ) 5 8 8 o L 8
— DN —~__\O — DN — _\O — N —~_\O —~ N —~_\O
Pre-treatment (No C:I) 6585  3570.0 2325.0 4260.0 766.5 859.5 357.0 3765.0
Post-lysis DNA
eld Pre-treatment (C:I) 1306.5  3150.0 1722.0 3915.0 783.0 963.0 0.0 3690.0
yie
p value 0.1484  0.3125 0.0625* 0.3828 0.6406  0.1484 0.0938* 0.7266
Post-treatment No C:I added 318.6  2223.0 1315.8 2538.0 3429 417.6 0.0 2349.0
Filtrate DNA C:J added 4437  1854.0 645.3 1775.7 198.9 539.1 0.0 2043.0
yield p value 0.2500  0.4609  0.0078**  0.0078** | 0.0938*  0.1094 0.2500 0.2969
No C:I added 8.8 0.0 144 109.9 0.0 0.0 52 65.2
Final DNA
eld C:Iadded 62.8 34.8 324 4315 0.0 0.0 47.5 126.0
yie
p value 0.0391**  0.1484 0.1094  0.0078** 0.5000  0.2500  0.0391**  0.0078**

In order to understand at which step in the protocol C:I extractions improve final pollen DNA
yields, the same samples were quantified for DNA at earlier time points (Figure 1, DNA
Quantification 1 and 2). First, DNA yields were quantified at the post-lysis step (Figure 1, Stage A).
The samples across treatment groups were handled identically at this point, and hence no differences
were expected, but this quantification was added as an internal control to ensure the starting pollen
tissues across treatment groups were not biologically different. As expected, no significant
differences were observed at this stage between the pre-treatment No C:I group compared to the pre-
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treatment C:I group (at p< 0.05), although the 125-Short condition was significantly different at the
0.10 level (Table 3, top 3 rows).

Next, the +/-C:I post-treatment filtrates (Figure 1, DNA Quantification 2) were measured which
we hypothesized would differ due to the addition of C:I treatment relative to the non-C:I added
control (Figure 1, Stage B). The DNA yields at this stage from both trials generally showed no
significant difference between the +C:I and the non-C:I samples (Table 3, middle 3 rows). The
exceptions were the pollen samples weighing 125+25 mg in Trial 1 (p=0.0078) and the 15-Short
condition in Trial 2 (p=0.0781) which resulted in significantly less DNA yield in the +C:I treatment
group relative to the control (Table 3, middle 3 rows). These results indicate that the C:I treatment
does not assist with the initial DNA filtering step.

Thus, it was hypothesized that the higher final DNA yields of the C:I treated samples relative to
the non-C:I treated control samples were due to lower DNA loss during the intermediary steps of
DNA binding to the column matrix and DNA washing (Figure 1, Stage C). Consistent with this
hypothesis, the results show that across both trials, the percentage of pollen DNA that was retained
between the post +/-C:I filtrate (DNA Quantification 2) and final DNA quantification (DNA
Quantification 3) in the untreated C:I control samples range from 1.1% - 4.3%, while C:I treated
samples retained a range of 1.9% - 24.3% DNA (Table 3).

2.3. The Optimization of Pollen Lysis Duration According to Sample Quantity Can Improve Final DNA
Yields

To determine if pollen DNA yields could be further increased by optimizing the initial lysis
duration, Short (70 s) and Long (6 min) lysis durations were tested (Figure 1, Stage A). These
treatments were applied to the low and high pollen weights, and to the post-lysis +C:I and non-C:I
groups. Two independent trials were conducted, containing eight replicates for each lysis duration
(Table 2). For the 12525 mg pollen samples, both trials showed a significant increase in final DNA
yields with the 6 min lysis duration (p<0.05) compared to the 70 s lysis duration, regardless of C:I
treatment group (Table 4).
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wy y Aliquot supernatant
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Shake at 100 rpm, 10 min = -
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1 Add equal parts C:l (2) U

Repeat shake and spin
A\ A\
Transfer aqueous phase to Zymo-Spin™ w) T)

II-F Filter
Spin at 8,000 x g, T min

Proceed with ZymoBIOMICS™ protocol,
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o
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| DNA quantification 2: Final I

Figure 2. Workflow of the two bead types (blue) tested to further optimize pollen DNA yield. Previously
optimized pollen quantity, lysis duration and post-lysis cleaning parameters (grey) were used. The 3 stages of
the protocol were: A, Homogenization; B, Post-lysis cleaning (+/-C:I); and C, DNA isolation. Created in
BioRender. Miraples, A (2024) BioRender.com/q51g584.

Table 4. Statistical analysis of median DNA yields under different combinations of lysis duration and pollen
quantity. Absolute final median DNA yields (ng) of maize pollen samples lysed for a Short (70 s) or Long (6 min)
duration under four different pollen quantity and +/-C:I combinations. The pollen quantities were: 15 +5 mg (15)
or 125+ 25 mg (125) and separated into +/-C:I groups. Absolute median DNA was calculated from the 8 replicates
for each lysis duration treatment (Table 2) at the last stage in the protocol: Figure 1 final (DNA quantification 3).
Two independent trials were conducted. Statistical analysis employed the Mann Whitney U-test. P values were
generated based on the difference in rank sums. Two asterisks denote a statistically significant difference from

No C:I control at the 0.05 level.

Median DNA yield (ng)
Trial 1 Trial 2
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8) 185 7 32 13
p value 0.1189 0.0068** >0.9999 0.0468**
C:Iadded 62.8 34.8 324 431.5 0.0 0.0 47.5 126.0
8] 24 0 26 6
p value 0.4418 0.0002** 0.4256 0.0047**

Table 5. Evaluation of the impact of bead type on pollen DNA yields under optimized conditions. The effect of
bead type: 0.5 g x 0.5 mm glass or 3 x 2.8 mm ceramic on DNA yields under optimized pollen quantity and lysis
duration conditions with post-lysis cleaning (+C:I) treatment. The pollen quantity and lysis duration
combinations were: 15 + 5 mg (15), 70 s (Short) and 125 + 25 mg (125), 6 min (Long). All samples were treated
with +C:I. Absolute DNA yields were calculated at 2 stages in the protocol from Figure 2 post-lysis (DNA
quantification 1), and final DNA yield (DNA quantification 2). There were 8 replicates per treatment and two

independent trials.

DNA yield (ng)
Bead type
Trial 1 Trial 2
0.5 g x 0.5 mm glass 3 x 2.8 mm ceramic 0.5 g x 0.5 mm glass 3 x 2.8 mm ceramic
mdontios & 3 F 5 3 3|y P OE s 3
Optimized conditions & I~ i & I~ D & £ o & I~ i

1 537.0 0.0 1 2724.0 133.0 1 522.0 0.0 1 3390.0 231.5
2 822.0 0.0 2 2844.0 140.0 2 777.0 0.0 2 3540.0 259.5
3 0.0 0.0 3 2577.0 102.5 3 789.0 0.0 3 3750.0 230.5
15-Short: 15+5 mg/ 4 879.0 8.7 4 2760.0 85.5 4 504.0 0.0 4 2697.0 114.0
70 sec 5 897.0 0.0 5 3060.0 100.5 5 534.0 0.0 5 3240.0 142.0
6 912.0 0.0 6 3240.0 162.0 6 696.0 0.0 6 2382.0 106.0
7 774.0 0.0 7 2316.0 115.5 7 537.0 0.0 7 3150.0 181.5
8 933.0 0.0 8 4770.0 360.0 8 672.0 0.0 8 3180.0 163.0
1 49200 155.0 1 10290.0  1230.0 1 3600.0 194 1 17310.0 1140.0
2 3450.0 11.0 2 19140.0 660.0 2 4350.0 29.6 2 17100.0 867.0
3 2769.0 129 3 8160.0  1180.0 3 3660.0 134 3 5580.0 1370.0
125-Long: 125425 mg/ 4  2571.0 0.0 4 5670.0  1180.0 4 27150 0.0 4 14790.0 1360.0
6 min 5 24180 0.0 5 7080.0  1390.0 5  4260.0 0.0 5 7080.0 821.0
6  3030.0 22.8 6 6120.0  1180.0 6  3480.0 65.0 6 6060.0 1210.0
7 3210.0 0.0 7 5640.0  1350.0 7 3750.0 0.0 7 5250.0 1070.0
8  2892.0 10.5 8 16350.0  1050.0 8  2895.0 24.8 8 7440.0 1390.0

For the 15+5 mg pollen samples, the 70 s lysis duration resulted in a trend of higher final DNA
yields in both the non-C:I: and C:I added groups among Trial 1 samples, while no significant
difference was observed between lysis duration treatments in Trial 2 (Table 4). Notably, of the Trial
2 samples containing 15+5 mg pollen, the 16 samples that were not treated with C:I had no detectable
final DNA yields, regardless of lysis duration (Table 2). These findings indicate that in combination
with +C:I treatment, DNA yields obtained from low pollen quantity samples likely benefit from a
shorter lysis duration, while DNA yields obtained from higher pollen quantity samples can be
significantly improved with a longer lysis duration.

2.4. Bead Type Dramatically Impacts Pollen DNA Yields in Conjunction with +C:I Treatment

It was reported that 0.5 mm glass beads (0.5 g/tube) were less effective at rupturing pollen
compared to 2.8 mm ceramic beads (3 beads/tube) [36]. To confirm and extend this finding in the
context of our protocol modifications, the same two bead types and amounts were tested (Figure 2).
The optimized conditions used were: for 15+5 mg pollen samples, a 70 s lysis duration with C:I
treatment; for 125+5 mg pollen samples, a 6 min lysis duration with C:I treatment. Two independent
trials were conducted containing eight replicates per bead type (Table 5).
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The results showed that the 2.8 mm diameter ceramic beads produced significantly higher post-
lysis yields (p = 0.0078 at DNA Quantification 1 in Figure 2) and final yields (p = 0.0078 at DNA
Quantification 2 in Figure 2) compared to the 0.5 mm diameter glass beads across both trials and
conditions tested (Table 6).

Table 6. Statistical analysis of median DNA yields treated with different beat types under optimized conditions.
Absolute median DNA yields (ng) of maize pollen samples treated with different bead types: 0.5 g x 0.5 mm
glass or 3 x 2.8 mm ceramic, under optimized combinations of pollen quantity, lysis duration and post-lysis
cleaning conditions. The pollen quantity and lysis duration combinations were: 15 + 5 mg (15), 70 s (Short) and
125 + 25 mg (125), 6 min (Long). All samples were treated with +C:I. Absolute median DNA was calculated from
the 8 replicates per treatment (Table 5) at 2 stages in the protocol: Figure 2 post-lysis (DNA quantification 1) and
final (DNA quantification 2). Two independent trials were conducted. Statistical analysis employed the Mann
Whitney U-test. P values were generated based on the difference in rank sums. An asterisk denotes a statistically

significant difference from No C:I control at the 0.10 level, and two asterisks at the 0.05 level.

Median DNA yield (ng)

Trial 1 Trial 2
g g
Y g Y &
& S & S
& g & &
o0 1o &b 10
g ol g 4
kY & Y &
[ k2 — 0 —
8 i 5 i s
= = = = =
g 2 3 2 3
5 5 n 5 &
O 10 ] 10 ]
— — — —~
Post-lysis DNA yield 0.5 g x 0.5 mm glass 850.5 2961.0 604.5 3630.0
3 x 2.8 mm ceramic 2802.0 7620.0 3210.0 7260.0
p value 0.0078** 0.0078** 0.0078** 0.0078**
Final DNA yield 0.5 g x 0.5 mm glass 0.0 10.8 0.0 16.4
3 x 2.8 mm ceramic 1243 1180.0 172.3 1175.0
p value 0.0078** 0.0078** 0.0078** 0.0078**
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Figure 3. A phylogenetic tree of the top 25 amplicon sequence variants (ASVs) and their percentage relative
abundances from LH82 maize inbred pollen identified by 16S rRNA PacBio sequencing. Two independent
collections were undertaken during the summers of (a) 2021 and (b) 2022 as pooled replicates (R). Tree labels are

colour coded according to order level taxonomy that are consistent across both trials.

3. Discussion

Pollen DNA isolation is becoming more utilized for different applications. However, we
hypothesized that not only efficient rupture, but also removal of the post-lysis pollen exine layer and
other debris can interfere with this process. After completing a systematic literature review of
published DNA isolation methods, the major advance of this study was that the addition of
chloroform:isoamyl alcohol (C:I) as a post-lysis cleaning step improved final maize pollen DNA
yields when using a commercial DNA isolation kit regardless of pollen amount or lysis condition.
We showed that by optimizing other parameters such as lysis duration, pollen quantity and bead
type in combination with the addition of C:I, final DNA yields could be enhanced further.

3.1. The Addition of Chloroform:Isoamyl Alcohol Permits Downstream Applications

The addition of chloroform:isoamyl alcohol to a standard DNA isolation kit protocol resulted in
high quality DNA that could be used for further downstream applications including PCR, sequencing
and microbiome taxonomic profiling. Microbiome data from two years that used this step is shown
(Figure 3), illustrating the general reproducibility of the bacterial taxa recovered, subject to the
presumptive effect of seasonality. For example, of the top 25 amplicon sequence variants (ASVs)
shown per trial, 92% of all ASVs belonged to one of five taxonomic groups at the order level (Figure
3). At the ASV level, Pantoea ananatis was the most dominant species, with eight ASVs present across
both trials. Our laboratory has now used this modification with hundreds of maize pollen DNA
samples for microbiome sequencing, including those reported by Khalaf et al. [26], at two
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independent sequencing facilities and found it to be robust and reliable, whereas we had a high rate
of failures in the absence of C:I extraction.

3.2. Barriers to Standardizing Pollen DNA Isolation Protocols

The studies summarized in Table 1 illustrated methodological variability across published
pollen DNA isolation optimization protocols, primarily related to pollen sample amount, mode of
mechanical lysis and lysis duration [49] and kit/method selection. Notably, pollen grain size,
composition [49], and biological availability of pollen are inherent challenges that exist in this field
and can directly affect the above parameters. For example, higher pollen aperture number was shown
to significantly increase pollen resistance to rupture [36]. Parameter selection may also result from
equipment and kit/method availability or familiarity. Although these caveats may continue to persist
in future research, efforts can be made to minimize their impact and improve comparability across
studies. Based on the systematic literature review of pollen DNA isolation optimization studies
conducted here, good future practices may include reporting starting pollen sample amounts by
weight (mg) and number of grains, and for liquid honey samples, reporting the weight (mg) of the
pollen pellet after centrifugation, as done by Torricelli et al., [37] and Chavan et al., [40].

To address lysis related parameters, we suggest testing the working protocol on either (1)
different quantities of pollen, or if pollen availability is limited, to test (2) different lysis duration
times on the shorter and higher end of the 1 min to 5 min range (Table 1). Metrics such as final DNA
yields and percentage of pollen ruptured should be measured to determine the extent of pollen lysis
while avoiding DNA shearing [32,36]. To further improve pollen rupture, kit or protocol lysis beads
can be substituted or mixed with 1.4 mm or 2.8 mm ceramic, or 5 mm steel beads if they are not
already being used [36,42]. Finally, proteinase K can also be added to digest proteins and enzymes
that may target and/or degrade pollen DNA, post-lysis. Results obtained with any of the above
modifications should be compared and reported in the respective publication.

With respect to the selection of commercial kits or in-house methods, research is needed to
further verify the observation that in-house methods have greater DNA yields than commercial kits.
If this is the case, there may be a bias for in-house methods favouring exine containing plant samples,
possibly due to improved removal of exine and cell debris in the lysate that would otherwise interfere
with downstream DNA binding and/or cleaning. This may be partially attributed to the use of
chloroform containing reagents during post-lysis cleaning, however, it has yet to be comprehensively
explored.

3.3. Chloroform:Isoamyl Alcohol Extraction Improves Pollen DNA Yields

The improvements observed in final DNA yields with the addition of C:I revealed some
inconsistencies. Of the 8 conditions tested across both trials, only 4 attempts had significantly higher
final median DNA yields with +C:I compared to the non-C:I control (Table 3, bottom 3 rows). The
failures included 3 attempts containing 15+5 mg of pollen, and 1 attempt containing 125+25 mg pollen
(Table 3, bottom 3 rows). Each attempt had 16 total samples, resulting in 8 replicate +/-C:I sample
pairs. Here, the paired-replicate data can be used to provide further insight to the observed trends
(Table 2). Specifically for the 15+5 mg samples treated for a long lysis duration (15-Long) where final
DNA yields were not significantly different between the +/- C:I treatments. Here, final DNA yields
were numerically greater for 10 of 16 sample pairs across both trials when C:I was added (Table 2).
In other words, the trend of C:I being beneficial was upheld. Similarly, for the 15+5 mg samples
treated for a short lysis duration (15-Short), in Trial 2, 2 out of 8 sample pairs showed final DNA
yields that were numerically greater when treated with C:I (Table 2). The remaining pairs had
undetectable DNA yields, annotated by 0 (Table 2), perhaps due to biological factors that could not
be overcome with CiI (e.g., senescing pollen). Similarly, amongst 125-Short Trial 1 samples that
showed no significant difference between the +/-C:I treatments, 5 out of the 8 sample pairs in this
category produced final DNA yields that were greater when C:I was added. Collectively, these
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findings indicate that samples treated with +C:I show a trend towards higher DNA yields than their
non-C:I treated counterparts.

With respect to pollen DNA yield improvement observed with C:I, prior pollen DNA isolation
studies have used chloroform containing reagents but without a non-chloroform control, making it
difficult to evaluate the efficacy of this purification step. For example, 100 mg of maize pollen treated
with chloroform has been reported to produce final yields of 1,200-2,500 ng of DNA [38], which is
comparable to the optimized yields reported here. In contrast, other studies that employed
chloroform containing reagents obtained higher DNA yields using 50-200 mg of pollen, but pollen
sources were variable, derived from trees [32], opium poppy [34], and bees and honey [33,37,45].
Omelchenko et al., extracted pollen DNA from two Poaceae plants using less than 10 mg of pollen,
but absolute yields could not be determined as the elution volume was not reported [43]. Notably, all
studies that used chloroform-based cleaning steps were coupled with a traditional CTAB based
extraction protocol (Table 1) in the absence of the later availability of commercial kits containing DNA
purification columns. Our results suggest that this old chemical purification method, used
universally across organisms and tissues, not only pollen, may have been especially beneficial to
DNA isolation from pollen.

In terms of the reason why the addition of the C:I post-lysis step benefits pollen DNA yields in
conjunction with a commercial kit, as shown in this study, one possibility is that C:I positively
influences DNA binding to the column matrix and subsequent washing. The observed trend that
DNA concentrations in the post-C:I treatment filtrate were lower compared to the non-C:I controls
suggests that C:I causes an initial loss in DNA likely by DNA sequestration in the chloroform fraction.
However, the overall greater final DNA yields in +C:I samples indicates improved DNA recovery
after treatment. Additional research is required to test the extent of the effect of C:I on DNA
purification, specifically at the level of the column matrix to quantify whether more DNA is lost
during the washing steps in the absence of C:I compared to C:I added samples.

Several prior studies have compared commercial kits that do not include chloroform-containing
reagents to isolate pollen DNA. The study by Swenson and Gemeinholzer reported a presumptive
average yield of 65-75 ng DNA, starting with 10,000 pollen grains of maize [36]. These yields are less
than half the amount obtained here with 155 mg pollen. Bell et al., showed maize pollen DNA yields
ranging from undetectable levels to 5,504 ng DNA when starting with 1 million pollen grains, with
an approximate yield of 1,216 ng DNA across 3 replicates [39], comparable to the yields obtained in
the present study with 125425 mg pollen. Other protocols using commercial kits generated relatively
less [41] or more [2,42,44] final DNA yields than described here, however these studies vary in the
pollen quantity and plant species source used, bead type parameters, reagents used, etc., making final
DNA yields difficult to compare comprehensively.

3.4. Optimal Lysis Duration Is Dependent on Starting Pollen Quantity

The second most significant contribution of this study was demonstrating, using post-lysis C:I,
that DNA could be successfully extracted from a nearly 10-fold range in the starting pollen quantity
(125425 mg and 15+5 mg). Prior studies have used quantities of 50-200 mg or more [32,34,37,38,44] as
well as smaller quantities of 10 mg or less [36,38,42], but only a single study examined this parameter
systematically using dilutions [43]. That study found about 150,000 grains of pollen from two Poaceae
species yielded 14.7+0.7 ng/ul, whereas 10,000 grains of pollen yielded 1.07+0.12 ng/ul, although total
DNA yields could not be determined, as DNA pellet resuspension volume was not reported [43].
Additionally, Swensen and Gemeinholzer tested 15 pollen species and pollen mixes, to conclude that
an increase in pollen quantity from 10,000 to 100,000 grains would improve DNA yields of both
synthetic and single communities of pollen samples [36]. Taken together with our results, 10-15 mg
of pollen may be a reliable starting point if attempting pollen DNA isolations for the first time on
untested sample types, as it is likely that DNA yields will be quantifiable and will permit further
troubleshooting of protocol parameters. Having a reliable protocol that permits smaller quantities of
starter pollen to be used is highly advantageous because of the biological constraints of some plant
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species that are unable to shed copious amounts of collectable pollen. It is possible that the protocol
outlined here may be capable of producing detectable DNA yields with less than 15+5 mg pollen due
to the addition of chloroform:isoamyl alcohol, although this must be verified experimentally.

This study showed that optimal lysis duration is dependent on pollen quantity, where the 155
mg pollen samples showed trends for improved final DNA yields with a shorter lysis duration, and
the 125+25 mg pollen showed significant improvement in final DNA yields with the longer duration
(Table 4). Our finding that lysis duration is dependent on pollen quantity is consistent with prior
studies. For most pollen samples reported that were 50 mg or less, researchers used total lysis
durations of around 2 min [32,36,42], although other pollen and honey-containing pollen samples
were lysed or processed for upwards of 5 min in the literature [33,37,43—45]. Swenson and
Gemeinholzer observed that 114 s was the optimal duration for pollen rupture of a 10,000-pollen
grain sample of Z. mays using larger sized beads, as opposed to the presumptive mean of 304.3 s [36].
Similarly, in the present study, for samples containing 155 mg pollen, optimal lysis was observed at
70 seconds compared to 6 min. An area of further study may be to increase lysis duration from 70 s
to 114 s to determine if DNA yields increase as reported [36].

For pollen or honey-containing pollen samples of 100 mg or greater, most mechanical lysis
durations ranged between 1 min to 3 min using a bead mill or vortex [38—40,45]. Other methods have
included manual mechanical lysis using mortar-pestles [34], omitting this step completely [2] or by
thermomixer for 30 min [37] to 3 h [44], although the pollen amount used by the latter, must be
inferred as only honey amount was reported at 50 g. Notably, the 3 min lysis duration employed by
Bell et al., was applied to a 1 million maize pollen grain sample for an absolute yield of 1,216 ng DNA
(15.2 ng/pl eluted in 80 pl) [39]. Since comparable yields were obtained in this study, a reduction in
lysis duration from 6 min to 3 min for 125+25 mg pollen samples may be an interesting parameter to
test, since one may opt for a shorter lysis duration to prevent shearing of liberated DNA.

Regarding the lysis of larger pollen quantities, the short duration lysis treatment (125-Short)
tested in this study showed some discrepancies. Although Trial 1 DNA yields were relatively
unremarkable, several Trial 2 samples generated undetectable DNA yields when sampled at the post-
lysis and post-treatment filtrate quantification steps, including both the +/-C:I treatments, which was
inconsistent with the corresponding final DNA yields for those samples (Table 2). Different pollen
samples were used between Trials 1 and 2 which may partially explain the trial-to-trial
inconsistencies observed, as maize pollen has the potential to harbor high levels of reactive phenolics
and flavonoids, as well as other phytochemicals [50]. These compounds could potentially interfere in
the intercalation process by the Qubit dye for DNA quantification. Since these inconsistencies were
not observed in the long duration lysis treatment (125-Long), it may also indicate that a larger pollen
quantity coupled with a longer lysis duration may help to resolve this issue.

3.5. The Importance of Lysis Bead Type

Finally, our finding that larger lysis beads increase pollen DNA yields is consistent with prior
studies. Swensen and Gemeinholzer lysed samples with 1.4 mm or 2.8 mm diameter ceramic beads,
or 5 mm diameter steel beads [36], while Bell et al., utilized a mixture of beads and materials: 1.4 mm
ceramic, 0.1 mm silica, and 4 mm glass beads, known as the Lysing Matrix E from the FastDNA®
SPIN Kit for Soil [39]. Both studies generated high DNA yields from pollen samples, despite the
discrepancy in pollen amounts used (Table 1). Regarding bead material, these studies demonstrate
that incorporating beads larger than 1.4 mm and made of harder materials such as ceramic or steel,
are beneficial with respect to breaking down the pollen exine more efficiently. In addition, an
assortment of bead sizes and materials simultaneously may help to lyse multi-species pollen mixes
to accommodate for varying morphological traits and exine compositions [51].

4. Materials and Methods

Systematic Review of Published Pollen DNA Isolation Optimization Studies
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Systematic literature searches were conducted to identify protocol parameters that significantly
improved final DNA yields and to reveal methodological gaps. Different combinations of the
following search terms were used in the academic search engines, Web of Science and PubMed:
“pollen”, “DNA”, “isolat*”, “extract*”, “method*”, “metabarcod*”. These terms were used to search
against publication titles, abstracts or both, and were restricted to studies that provided final DNA
yields after extraction. Furthermore, studies that utilized trace quantities of starting pollen for
environmental DNA sampling were excluded as atypical for experimental plant biology research.
However, if the same publication evaluated pure or mixed pollen samples containing larger
quantities of starting pollen, these findings were assessed.

Plant Material and Harvesting

For pollen DNA isolations, Zea mays ssp. mays (maize) pollen was used. Pollen samples #4, 8, 20,
and 25 were collected in 2019 from greenhouse grown plants, and sample #295 was collected in the
summer of 2021 from field maize grown at the Elora Research Station, University of Guelph, Ontario,
Canada. For microbiome analysis, LH82 inbred pollen was collected from field-grown maize at the
Elora Research Station independently during the summers of 2021 and 2022. The afternoon before
pollen collection, paper bags were used to cover tassels and securely stapled in place. After collection
the following morning, anthers, insects, and other debris were removed. LH82 pollen used for
microbiome analyses was collected from a pool of plants 13-19 for Trial 1 and plants 7-11 for Trial 2.
Cleaned pollen samples were stored in cryogenic vials at -80°C.

DNA Isolation Treatments

There were four categories of treatments tested: pollen weight, lysis duration, +/- post-lysis
chloroform:isoamyl alcohol, bead type, and for each treatment there were eight replicates and two
independent trials. First, pollen DNA isolation with chloroform:isoamyl alcohol 24:1 v/v (C:I) was
tested using two amounts of maize pollen: 15+5 mg and 125+25 mg. The ZymoBIOMICSTM DNA
Miniprep Kit (#D4300, Cedarlane Labs, Burlington, Ontario, CA) was used to extract DNA according
to the manufacturer’s protocol with modifications (Figure 1). Briefly, tubes were prepared with 0.5 g
x 0.5 mm sterile glass beads (#2250465-1PAK, Sigma Aldrich, Oakville, Ontario, CA) and chilled for
at least 5 min before adding 750 ul ZymoBIOMICSTM Lysis Buffer. Pollen samples were added to
each tube and agitated well before homogenization using the FisherbrandTM Bead Mill 24
Homogenizer (Thermo-Fisher, USA). Second, lysis duration was tested in combination with the two
sample amounts mentioned above. The Short (conservative) lysis duration settings were: Speed (m/s)
=4.5, Time=70s, Cycle(s) =1, Dwell = 1 min (total duration 70 s). The Long (aggressive) lysis duration
settings were: Speed (m/s) = 5, Time = 1 min, Cycle(s) = 6, Dwell = 1 min (total duration 6 min).
Notably, the Dwell setting defines the rest period after the specified duration of Time, for the total
number of Cycles. Samples were centrifuged at 16,000 x g for 3 min before adding 750 ul C:I (#C0549-
1PT, Sigma-Aldrich, Oakville, Ontario, Canada). Tubes were placed in an orbital shaker at 100 rpm,
room temperature for 10 min, then centrifuged at 5,500 x g for 15 min. A fresh tube was used to
aliquot 500-600 pl of the aqueous phase and an equal volume of C:I was added. The previous shaking
and centrifugation steps were repeated a second time. Then, 400 ul of the aqueous phase was
transferred to a Zymo-Spin™ III-F Filter, centrifuged at 8,000 x g for 1 min. Untreated samples did
not receive C:I; instead, after the lysate was centrifuged, 400 ul of the supernatant was transferred
directly to the Zymo-Spin™ III-F Filter. The remaining steps were carried out as specified in the
manufacturer’s protocol. For 15+5 mg and 125+25 mg pollen of sample used, 50 pl and 100 ul was
eluted, respectively. The column matrix was incubated at room temperature for 4 min before
centrifugation.

To observe the effect of bead type on lysis efficiency, two bead types were tested using the
optimized C:I protocol. The 0.5 g x 0.5 mm sterile glass beads were compared to 3 x 2.8 mm ceramic
beads (#15340160, Fisher Scientific, Ottawa, Ontario, CA) as previously tested [36], using the best
performing sample amounts and bead mill setting combinations: 1) 15+5 mg/70 s and 2) 125+25 mg/6
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min. For the latter, the ceramic beads ruptured the plastic tube caps, resulting in the reduction of the
bead mill setting from Speed = 5 to Speed = 4 for both ceramic and glass bead samples. Pollen DNA
was isolated in replicates of eight and repeated two times, independently. Pollen DNA used for
microbiome analyses were isolated in replicates of 10 for each of the two independent trials.

DNA Quantification

Pollen DNA was quantified using a Qubit v1.2 fluorometer (#Q32857, Molecular Probes,
Invitrogen by Life Technologies) and dsDNA BR Assay Kit (#Q32853, Fisher Scientific, Ottawa,
Ontario, CA). For C:I optimization, DNA concentrations were sampled three times during the
isolation procedure: post-lysis, post-treatment, and after the final elution (Figure 1). Post-lysis and
post-treatment samples for Qubit DNA quantification were prepared at a ratio of 1:40 (5 pl in 200 pul
total sample). Final elution Qubit samples were prepared at a ratio of 1:10 (20 ul in 200 pl total
sample). Bead size samples were DNA quantified post-lysis and final elution only. DNA
concentrations (ng/pl) were converted to absolute amounts by multiplying by lysis volume (750 pl),
post-treatment volume (400-500ul) and/or final elution volume (50 pl or 100 pl) as relevant.

Full-Length 16S rRNA Gene PacBio Sequel 1I Sequencing

Pollen DNA samples were shipped to Integrated Microbiome Resource (IMR) at Dalhousie
University (Halifax, Nova Scotia, Canada) for full-length 16S rRNA gene sequencing using the Pacific
Bioscience (PacBio) single-molecule real-time (SMRT)-Cell Sequel II system at 2X depth (maximum
of 100k reads/sample). Library preparation was conducted with the Express Template Kit (TPK) 2.0
as described [52,53]. Briefly, DNA was PCR amplified using high-fidelity Phusion Plus polymerase.
The full-length 165 rRNA primers 27F-5- AGRGTTYGATYMTGGCTCAG-3' and 1492R-5'-
RGYTACCTTGTTACGACTT-3" were combined with PacBio barcodes to generate fusion primers.
PCR products were visualized on a Coastal Genomics Analytical gel. Same sample PCR reactions
were pooled, cleaned and normalized using the Charm Biotech Just-a-Plate 96-well Normalization
kit. Up to 190 samples were pooled to form one library and were fluorometrically quantified prior to
sequencing. PacBio Sequel II sequencing platform was conducted using 8M chips, resulting in an
approximately 240-320 Gb output.

Data Analysis

Statistical analysis of pollen DNA isolation data: Data were analyzed in GraphPad Prism version
9.5.1 for Windows (GraphPad Software, San Diego, California USA). Absolute amounts of DNA in
replicates of eight per group were inputted as column data tables and reported as median values. To
analyze the effect of post-lysis cleaning using C:I on DNA yields under different pollen quantity and
lysis duration conditions, a Wilcoxon matched-pairs signed rank test was conducted. Where values
in the same row were identical, such as ties or values of zero, Pratts method was applied in GraphPad.
The same test was used to analyze the effect of bead type on DNA yields under optimal pollen
quantity and lysis duration combinations. The effect of lysis duration on DNA yields was assessed
under different pollen quantity and lysis duration conditions, using a Mann-Whitney U test.
Significance levels of P<0.05 and P<0.10 were reported.

Computational analysis of pollen microbiome data: The received FASTQ files were processed using
the DADA2 R package (1.30.0) to infer amplicon sequence variants (ASVs) [54]. Sequences
corresponding to the 27F and 1492R primers were removed using the removePrimers function. Reads
were filtered and trimmed using the filterAndTRim function (nops, filts, minQ=3, minLen=1300,
maxLen=1600, maxN=0, rm.phix=FALSE, maxEE=2). To assign ASVs, pseudo-pooling was used, and
singletons were ignored. The removeBimeraDenovo function was used to remove chimeras, then
species level taxonomy was assigned using the assignTaxonomy function, applied on the
silva_nr99_v138.1_wSpecies_train_set.fa.gz with minBoot = 80 training set. Using the phyloseq
(1.46.0) R package [55], a phyloseq object was generated comprised of the ASVs, taxonomy and
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metadata table. All mitochondrial and chloroplast taxonomic assignments were removed from the
phyloseq object. The Biostrings (2.70.1) [56] was used for biological strings manipulation. dplyr (1.1.4)
[57] and tidyverse (2.0.0) [58] were used for further data processing in R studio. In command line,
extracted ASVs reads were aligned using MUSCLE (3.8.1551) [59] and the phylogenetic tree was
generated using RAXML-NG (1.2.2 )(released on 11.04.2024 by The Exelixis Lab [60]. The
phylogenetic tree was uploaded to iTOL online platform [61] for annotation and visualization.

5. Conclusions

Here, we have shown that chloroform:isoamyl alcohol (24:1) is a relatively simple and cost
effective reagent to utilize for post-lysis cleaning during pollen DNA extraction in conjunction with
a commercial DNA isolation kit. Its addition has been shown to minimize the amount of starting
pollen while maximizing pollen DNA yields of high quality for further downstream analyses.
Furthermore, based on these results and a systematic review of the literature, we propose that pollen
DNA isolation protocols would benefit from combining approaches for optimization. Depending on
the amount of starting pollen available, any one or more of the following parameters may be
optimized during the working stages of protocol troubleshooting: lysis bead size and material,
enzymes to aid in chemical lysis of pollen components, lysis duration, and the addition of C:I
extraction as a post-lysis cleaning step. These parameters can be easily incorporated into any in-house
or commercial kit protocol for a multitude of applications. The future implications of this study may
include: (1) improved extraction of DNA from biologically realistic quantities of pollen (e.g., for
forensics), thus removing the need for pollen pooling; and (2) establishing the beginnings of a
standardized pollen DNA isolation protocol. This study also suggests future experiments: (1) to test
whether a mixed composition of lysis bead sizes and materials is more effective for samples
containing mixed pollen species; and (2) to examine how different morphological and chemical traits
affect pollen DNA yields including varying exine composition, morphology, shape, macronutrient
and phenolic content.
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