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IntroDuctIon
Meiosis is a specialized eukaryotic cell division that generates 
 haploid gametes required for sexual reproduction. During the first 
meiotic division, homologous chromosomes undergo reciprocal 
exchanges, called COs. COs facilitate chromosome segregation, 
generate new combinations of alleles and profoundly influence 
genetic diversity1–3. The distribution of COs along chromo-
somes is not random, and the majority occur in narrow hotspots, 
whereas suppressed regions, such as the centromeres, have very 
few COs4,5. COs are also subject to homeostatic control, as CO 
numbers are maintained when there are fewer initiating DNA 
double-strand breaks6,7. In addition, interference inhibits the 
formation of adjacent COs in a distance-dependent manner8,9. 
Interference causes COs to show a quasi-uniform, rather than a 
Poisson, distribution8,9. Together, these mechanisms of CO regu-
lation ensure that each homologous pair experiences at least one 
CO, and that high numbers of COs are rare. For example, for 
Arabidopsis thaliana the mean is ~1.8 COs per chromosome10–12. 
In order to facilitate measurements of CO frequency and distribu-
tions, we developed flow cytometry methods in Arabidopsis using 
fluorescent pollen13.

Experimental measurement of CO patterns
The two major experimental methods used to measure CO 
patterns are cytogenetic analysis of meiocytes and segregation 
assays of linked, heterozygous genetic markers through meiosis.  
Cytogenetic methods rely on microscopy to analyze meiotic 
chromosomes for features associated with COs. The morphology 
of bivalents and chiasmata can be used to infer the number and 
position of COs14,15. COs can also be identified cytologically by 
immunodetection of recombination protein foci along the meiotic 

chromosome axis. For example, interfering COs colocalize with 
MLH1 foci16–18. An advantage of cytogenetic analysis is that all CO 
events in a single meiocyte can be visualized at a given time point 
and can be related to other cytogenetic features such as the cen-
tromere, nucleolar organizing regions and heterochromatin14–18. 
However, counting CO numbers and locations can be challenging, 
particularly in species with relatively small chromosomes, such as 
Arabidopsis (~18–30 Mb), or when closely spaced COs occur.

Segregation assays detect COs by measuring co-inheritance of 
linked, heterozygous genetic markers through meiosis. COs are 
detected when the linkage phase of markers changes10–12,19,20. 
Markers can include single-nucleotide polymorphisms, simple 
sequence length polymorphisms or transfer DNA (T-DNA) 
insertions10–12,19,20. Recently, segregation of T-DNAs express-
ing fluorescent proteins in pollen or seed has emerged as a 
powerful way to measure CO frequency in Arabidopsis (Figs. 1 
and 2; refs. 19–21). For example, the FTL system uses T-DNAs 
expressing eCFP, dsRed or eYFP fluorescent proteins in mature 
pollen from the post-meiotic LAT52 promoter19,21 (Fig. 2). The 
FTL system was developed in the quartet1-2 (qrt1-2) mutant 
background, where the four pollen products of male meiosis 
remain physically attached because of a mutation in the pec-
tin methylesterase gene (Fig. 2a; refs. 19,21,22). The qrt1-2 
mutation allows classical tetrad analysis of COs, as well as 
detection of gene conversion events (e.g., Fig. 2a and Table 1;  
refs. 19,21,23). In this protocol, we describe adaptation of the FTL 
system to facilitate high-throughput analysis by complementa-
tion of qrt1-2 and detection of single-pollen fluorescence using 
flow cytometry. By using these methods, the fluorescence pheno-
type of ~50,000 pollen grains per individual can be measured in  
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10 min, allowing rapid quantification of 
CO frequency and interference. Scoring 
an equivalent number of meioses by tet-
rad counting would take ~25 h (Table 1). 
As throughput is increased, it is practical to score more repli-
cates, which increases the robustness of CO measurements. The  
150-fold increase in data acquisition speed achieved by flow 

cytometry will facilitate forward and reverse genetics, screens 
of natural variation and tests for environmental modification of 
CO patterns in Arabidopsis. Our flow cytometry–based method 
is also applicable to crop species, where mutations equivalent to 
quartet1 do not exist. However, because the relational information 
in tetrads is lost by qrt1-2 complementation, tetrad scoring is still 
advantageous for measuring gene conversion via 3:1 segregation, 
detection of double COs (DCOs) in a single interval and provid-
ing information on which of the four chromatids were involved 
in DCOs (Fig. 1 and Table 1).

Experimental design
In this protocol, we describe two assays using either two or three 
colors. In Table 2 we compare the advantages and disadvantages 
of these assays. The two-color assay (Table 2) requires a basic 
flow cytometer equipped with a 488-nm laser, and 530/30-nm 
and 570/20-nm band-pass filters to measure CO frequency in a 
single genetic interval flanked by eYFP and dsRed FTL T-DNAs.  
Two-color assays can be performed using Arabidopsis FTLs that 
express either two (eYFP and dsRed) or three (eYFP, dsRed and 
eCFP) fluorescent proteins. eCFP fluorescence may not be detecta-
ble in the two-color assay depending on the lasers and detectors used 
(Experimental Setup). Single-color FTL lines are also required for 
calibration of the flow cytometer. The three-color assay (Table 2)  
requires a flow cytometer equipped with 407-nm and 488-nm  
lasers, as well as 530/30-nm, 470/20-nm and 570/20-nm  
band-pass filters. The three-color assay allows simultaneous 
measurement of CO frequency in two adjacent genetic intervals 

A B C

a

b

c

d

e

f

g

h

i

j

k

l

1
2
3
4

Figure 1 | Measuring crossovers (COs)  
using meiotic segregation of FTL T-DNAs.  
(a–l) Schematics showing segregation of three 
linked, heterozygous FTL T-DNAs (triangles) 
encoding eYFP (A), dsRed (B) and eCFP (C) 
through the two meiotic divisions (arrows).  
The T-DNA configuration is the same as for I1bc  
(see Figs. 2 and 3). The four chromatids 
are numbered (1–4) and centromeres are 
represented as black circles. Segregation of FTL 
T-DNAs to the four gametes is indicated with 
varying arrangements of COs (X). Each diagram 
corresponds to an observable qrt1-2 tetrad class 
(table 3). Tetrad classes are non-crossover  
(NCO; a), single crossover interval 1 (SCO-I1; b),  
single crossover interval 2 (SCO-I2; c), two 
strand double crossover (2st DCO; d), three 
strand double crossover a (3st DCOa; e), three 
strand double crossover b (3st DCOb; f), four 
strand double strand crossover (4st DCO; g), 
non-parental ditype interval 1, non-crossover 
interval 2 (NPD-I1 NCO-I2; h), non-crossover 
interval 1, non-parental ditype interval 2 (NCO-I1 
NPD-I2; i), non-parental ditype interval 1, single 
crossover interval 2 (NPD-I1 SCO-I2; j), single 
crossover interval 1, non-parental ditype  
interval 2 (SCO-I1 NPD-I2; k) and non-parental 
ditype interval 1, non-parental ditype interval 2  
(NPD-I1 NPD-I2; l).
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Figure 2 | Micrographs of fluorescent pollen segregating for I1bc FTL  
T-DNAs. (a) Micrographs of I1bc/+++ qrt1-2 fluorescent tetrads taken under 
CFP, YFP and dsRed filters, and a merged image (all). Tetrads are labeled 
according to their CO class corresponding to panel letters in Figure 1  
(Fig. 1 and table 3). (b) Fluorescence micrograph of I1bc/+++ QRT1 pollen 
(free pollen grains) taken under CFP, YFP and dsRed filters. A merged image 
(all) is also shown. Scale bars, 20 µm. 
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and analysis of CO interference. In ANTICIPATED RESULTS, we 
show that CO frequency and interference measurements obtained 
using this flow cytometry protocol are similar to those obtained 
by manual tetrad scoring (Fig. 3 and Tables 3–10). We show 
the utility of the flow cytometry method for genetic analysis by  

measuring the CO frequency and interference changes in the 
fancm zip4 double mutant (ref. 24; Fig. 3g–i; Tables 7 and 8).

taBle 1 | Comparison of CO measurements using FTL tetrad 
analysis or flow cytometry

tetrad analysis Flow cytometry

Time to acquire data for 
two adjacent intervals 
in 50,000 single pollen 
grains or 12,500 tetrads

25 h 10 min

Equipment requirements Plant growth  
facility,  

fluorescence  
microscope

Plant growth  
facility, fluorescence 

microscope,  
flow cytometer

Gene conversion  
measurement

Yes No

CO interference  
measurement

Yes Yes

Single-interval DCO 
measurement

Yes No

Differentiating 2-strand, 
3-strand and 4-strand 
DCOs from one another

Yes No

Requires qrt1 mutant 
background

Yes No

taBle 2 | At a glance: two-color versus three-color flow cytometry 
assays

two-color assay three-color assay

Genetic intervals  
to be measured

1 2

Interference  
measurements

No Yes

Number of pollen 
grains sufficient  
for measurement

20,000–30,000 50,000–80,000

Amount of  
starting material

Relatively low Relatively high

Equipment A basic flow  
cytometer equipped 

with a 488-nm 
argon laser and 
530/30- and 
570/20-nm  
band-pass  

filters, for example 
FACScan or LSR II 

(Becton Dickinson)

High-speed flow  
cytometer equipped 
with a 488-nm argon 
laser and a 407-nm 
krypton laser with 

530/30, 470/20 and 
570/20-nm band-
pass filters, for 

example MoFlo MLS 
(DakoCytomation, 

now Beckman-Coulter) 
or LSR II (Becton 
Dickinson) flow  

cytometer

Cost Relatively low Relatively high

MaterIals
REAGENTS

A. thaliana Col-0 seeds (Arabidopsis Stock Centre)
A. thaliana FTL seeds (lines are freely available from G.P.C.  
on request)
A. thaliana seeds from genetic backgrounds of interest (optional)
Levington F2 seed and modular compost (Scotts)
Sucrose (Sigma-Aldrich)
CaCl2 (Sigma Aldrich)
KCl (Sigma-Aldrich)
2-(N-morpholino)ethanesulfonic acid (MES; Sigma-Aldrich)
NaOH (Sigma-Aldrich)
Triton X-100 (Sigma-Aldrich)
Pollen-sorting buffer (PSB; Reagent Setup)
Pollen-sorting buffer supplemented with Triton X-100 (PSB-T;  
Reagent Setup)

EQUIPMENT
Flow cytometer (Equipment Setup)
Fluorescence microscope (Leica M165 FC, Leica Microsystems;  
Nikon Eclipse E1000 or Nikon Eclipse 80i)
Freezer,  − 20 °C (Sanyo)
Tube centrifuge, 50 ml (Thermo Scientific, Sorvall Legend RT Plus,  
cat. no. 750004377 or 750004373)

•
•

•
•
•
•
•
•
•
•
•
•

•
•

•
•

Microscope slides (Fisher Scientific, cat. no. FB58622)
Coverslips (Fisher Scientific, cat. no. FB58730)
Pipettes (1–20-µl, 20–200-µl and 200-µl–1-ml; Gilson)
Pipette tips (1–20-µl, 20–200-µl, 200-µl–1-ml; Gilson)
Fine-point stainless steel tweezers (Agar Scientific, cat. no. T522)
Nylon cell strainers, 40 µm (BD Falcon, cat. no. 352340)
Nylon filters, 50 µm (Partec, cat. no. 04-0042-2317)
Filters, 0.2 µm (Sartorius, cat. no. 16534)
Polypropylene tubes, 50 ml (BD Falcon, cat. no. 352070)
Cleaning, decontamination and support solutions for flow systems  
(Becton Dickinson, FACS Flow, cat. no. 342003; FACS Rinse, cat. no. 340346; 
FACS Clean, cat. no. 340345)
Polystyrene round-bottom tubes, 5 ml (BD Falcon, cat. no. 352058)
BD CellQuest Pro Software for data acquisition
FlowJo, DiVa or Summit software to analyze output files

REAGENT SETUP
PSB Prepare PSB by mixing 10 mM CaCl2, 1 mM KCl, 2 mM MES and  
5% (wt/vol) sucrose. Adjust the pH of the buffer to 6.5 with NaOH. Sterilize 
the solution by passing it through a 0.2-µm filter. The buffer can be stored for  
3 months at room temperature (22–24 °C).
PSB-T Prepare PSB-T by adding Triton X-100 to PSB to a final  
concentration of 0.01%. PSB-T should be freshly prepared.

•
•
•
•
•
•
•
•
•
•

•
•
•
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EQUIPMENT SETUP
Dissecting or epifluorescence microscope Dissecting or epifluorescence 
microscope equipped with UV lamp and CFP, dsRed and YFP filters (Leica 
Microsystems, cat. nos. 10447409, 10447412 and 10447410/10447408, respectively)
Flow cytometer The two-color assay comprises a flow cytometer  
equipped with a 488-nm argon laser and 530/30-nm and 570/20-nm  

band-pass filters, for example, FACScan or LSR II (Becton Dickinson);  
the three-color assay requires a flow cytometer equipped with a  
488-nm argon laser and a 407-nm krypton laser with 530/30-nm,  
470/20-nm and 570/20-nm band-pass filters, for example, MoFlo MLS 
(DakoCytomation, now Beckman Coulter) or LSR II (Becton Dickinson) 
flow cytometer.
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Figure 3 | CO frequency and interference measurements obtained by FTL tetrad counting and flow cytometry. (a) CO frequency along chromosomes 1 and 3. 
The mean CO frequency is indicated by the horizontal, dashed red line. Centromeres are indicated by the vertical, dashed black line. Locations of FTL T-DNAs 
that define the I1bc and CEN3 intervals are indicated by vertical, solid black lines. (b,c) I1b (b) and I1c (c) genetic distance measured by tetrad counting 
or flow cytometry. For b–f, mean values are indicated by squares and 95% confidence intervals are indicated by horizontal lines. (d) I1bc CO interference 
measured using tetrad data or flow cytometry. Measurements from replicate pools (flow cytometry 1–3, table 5) or individual plants (tetrads 1–5, table 3) 
are indicated, in addition to totals (all). In order to compare flow cytometry and tetrad measurements, tetrad data were first converted to equivalent sets 
of single pollen grains (table 4). CO interference was then calculated as for the three-color assay. (e) CEN3 genetic distance measured by tetrad counting or 
flow cytometry. (f) I1b genetic distance measured by flow cytometry at several developmental ages. Numbers correspond to the average number of siliques 
formed on the main axis. (g) I1b genetic distance measured using flow cytometry in three replicate wild-type and fancm zip4 mutants. Genetic distance 
was significantly different between wild type and fancm zip4 (z test P < 1 × 1.0−15). (h) I1c genetic distance measured using flow cytometry in three 
replicate wild-type and fancm zip4 mutants. Genetic distance was significantly different between wild type and fancm zip4 (z test P < 1 × 1.0−15). (i) I1bc 
CO interference measured using flow cytometry in wild-type and fancm zip4 mutants (three replicates). Interference was significantly different between wild 
type and fancm zip4 (z test P < 1 × 1.0−15).

proceDure
selection of Ftls and qrt1-2 complementation ● tIMInG 11–15 weeks
1| Obtain an Arabidopsis line with three linked FTL T-DNAs encoding eYFP, dsRed and eCFP. We refer to the FTL T-DNA  
closest to the chromosome start coordinate as A, the next as B and the last as C. In addition, obtain lines containing only 
the single A, B or C FTL T-DNAs, as these are required to calibrate the flow cytometer (Step 18A(v–xi) and 18B(ii–xiii)).

2| Plant 5–10 seeds of ABC/ABC qrt1-2/qrt1-2 or 15–20 seeds of ABC/+++ qrt1-2/qrt1-2, depending on which is available. 
In addition, plant 5–10 seeds of single-color FTLs A/A qrt1-2/qrt1-2, B/B qrt1-2/qrt1-2 and C/C qrt1-2/qrt1-2.
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3| Plant 5–10 seeds of A. thaliana Col-0 and, optionally, 15–20 seeds per line of genetic backgrounds of interest.

4| When the plants flower (4–5 weeks), cross plants seeded in Step 2 with those in Step 3 (supplementary Fig. 1).  
Cross the plants by removing a mature anther from one plant using fine-point stainless steel tweezers and transferring its 
pollen to the stigma of a recipient flower that has yet to open. Unopened flowers have not yet released pollen, and the  
immature anthers should be removed before crossing as a precaution.
 crItIcal step As FTLs were generated in the qrt1-2 mutant background, it is necessary to cross them with the wild type. 
This complements the qrt1-2 mutation, allowing the pollen grains to separate, which is required for flow cytometry (Fig. 2b). 
Examples of crossing schemes to obtain FTLs that can be scored by flow cytometry are shown in supplementary Figure 1.

5| After the siliques have formed and senesced (2–3 weeks), collect the seeds.
? trouBlesHootInG
 pause poInt Store the seeds at room temperature in labeled seed bags or 1.5-ml polypropylene tubes with a small hole, 
punctured in the lid using a needle, to reduce humidity and to prevent fungal contamination. Seeds can be stored in this way 
for at least a year.

taBle 3 | I1bc genetic distances (cM) measured from qrt1-2 (Col-0) tetrad counting data

tetrad class
I1b tetrad  

type
I1c tetrad 

type Wild type 1 Wild type 2 Wild type 3 Wild type 4 Wild type 5 total

A PD PD 781 948 464 798 981 3,972

B TT PD 194 251 107 221 304 1,077

C PD TT 450 627 248 541 671 2,537

D TT TT 8 8 6 9 16 47

E TT TT 6 12 4 14 15 51

F TT TT 6 6 3 12 9 36

G TT TT 5 7 3 11 14 40

H NPD PD 2 1 1 2 3 9

I PD NPD 3 11 6 8 9 37

J NPD TT 0 0 0 0 1 1

K TT NPD 1 0 0 0 0 1

L NPD NPD 0 0 0 0 0 0

Total 1,456 1,871 842 1,616 2,023 7,808

I1b cM (tetrad) 7.97 7.75 7.66 8.63 9.44 8.40

I1c cM (tetrad) 17.14 19.40 17.81 19.65 19.28 18.83

I1b cM  
(single pollen)

7.69 7.64 7.42 8.38 9.05 8.15

I1c cM  
(single pollen)

16.59 18.23 16.39 18.66 18.39 17.85

Interference 0.60 0.67 0.54 0.56 0.57 0.59
PD, parental ditype. TT, tetratype; NPD, non-parental ditype. Genetic distance (cM) is calculated as (0.5 TT + 3 NPD)/total × 100. Hence, I1b genetic distance (tetrad) is calculated as (0.5(B + D + E + F + G + 
K) + 3(H + J + L))/total × 100 and I1c genetic distance (tetrad) is calculated as (0.5(C + D + E + F + G + J) + 3(I + K + L))/total × 100. Total tetrad data was converted into an equivalent set of single  
pollen (table 4), which was used to calculate I1b and I1c genetic distances, and CO interference using the same methods as for the three-color assay (see ANTICIPATED RESULTS).
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6| Plant the seeds obtained in Step 5.
 crItIcal step If you crossed ABC/ABC qrt1-2/qrt1-2 to Col-0, all of the progeny can be scored by flow cytometry 
(ABC/+++ QRT1/qrt1-2; supplementary Fig. 1a). If you crossed ABC/+++ qrt1-2/qrt1-2 with Col-0 (supplementary Fig. 1b), 
COs between the FTL T-DNAs will produce some progeny that cannot be scored because plants possess 0–2 copies of T-DNAs 
expressing the same color fluorescent protein. The number of plants that can be scored will be 50% – r, where r is the  
proportion of CO recombinants between the FTL T-DNAs (supplementary Fig. 1b). For example, if you crossed a mutant of 
interest (moi) with ABC/ABC qrt1-2/qrt1-2 and you self-fertilize the F1 ABC/+++ QRT1/qrt1-2 MOI/moi, the resulting F2  
population will contain 9.375% – r mutant homozygotes that can be scored by flow cytometry (supplementary Fig. 1c,d).
 crItIcal step High pollen yield is crucial for robust scoring and depends on growth conditions. This is especially  
important for the three-color assay, where larger amounts of pollen are needed (~50,000 hydrated pollen grains). High pollen 
yields per individual can be achieved by providing plants with adequate growth space and short-day photoperiods to  
maximize flower production. In order to analyze individual plants, sow one seed per pot (9 × 9 × 12 cm) and grow plants 
under a short-day photoperiod (8/16 h light/dark, at 200 µmol m−2 s−1 light intensity and 60% humidity) for 8 weeks, and 
then transfer the plants to a long-day photoperiod (16/8 h light/dark, at 150 µmols light intensity and 60% humidity) to 
induce flowering. It is also possible to analyze pools of 7–9 plants per pot (9 × 9 × 12 cm) in order to increase pollen yield. 
Typically, 24 plants grown this way, under long-day photoperiods, produce ~90 inflorescences, which yield ~70,000 hydrated 
pollen when freshly analyzed. CO frequency is influenced by environmental conditions, including temperature19. Therefore,  
it is necessary to grow all plants in an experiment side by side and with randomization in a controlled environment.

7| Once plants flower (4–5 weeks), determine their pollen fluorescence phenotypes (Box 1). Only ABC/+++ QRT1/QRT1 or 
ABC/+++ QRT1/qrt1-2 plants are useful for analysis, and other genotypes should be discarded. Inspect pollen using  

taBle 4 | Conversion of qrt1-2 (Col-0) I1bc tetrad data into an equivalent set of single pollen

tetrad class a B c D e F G H I J K l total

Total tetrads 3,972 1,077 2,537 47 51 36 40 9 37 1 1 0 7,808

ABC 7,944 1,077 2,537 47 51 0 0 0 0 0 0 0 11,656

+++ 7,944 1,077 2,537 47 0 36 0 0 0 0 0 0 11,641

A++ 0 1,077 0 0 51 0 40 18 0 1 0 0 1,187

+BC 0 1,077 0 0 0 36 40 18 0 1 0 0 1,172

A+C 0 0 0 47 0 36 0 0 0 1 1 0 85

+B+ 0 0 0 47 51 0 0 0 0 1 1 0 100

AB+ 0 0 2,537 0 0 36 40 0 74 0 1 0 2,688

++C 0 0 2,537 0 51 0 40 0 74 0 1 0 2,703

Total pollen 15,888 4,308 10,148 188 204 144 160 36 148 4 4 0 31,232
To compare tetrad and flow cytometry interference measurements, we first converted tetrad data to an equivalent set of single pollen grains, with eight possible FTL genotypes. Total tetrad data from table 3  
is listed for each tetrad class (A–L, Figs. 1 and 2a) and converted to equivalent single pollen. The sums of the rows (total) are then used for calculation of CO interference as for the three-color assay  
(ANTICIPATED RESULTS).

taBle 5 | I1bc three-color flow cytometry data from wild type (Col-0)

Gate r25 r26 r27 r28 r29 r30 r31 r32

Genotype ABC +B+ A++ AB+ ++C +BC A+C +++ Total

Wild type 22,140 236 2,217 5,560 5,422 2,279 215 22,240 60,309

Wild type 27,356 265 2,996 7,121 7,025 3,106 279 27,296 75,444

Wild type 25,484 235 2,569 6,514 6,241 2,765 230 25,562 69,600

Total 74,980 736 7,782 19,195 18,688 8,150 724 75,098 205,353
Three biological replicates were analyzed for wild type. The fluorescent FTL genotype associated with each gate and the corresponding counts are listed. Total = R25 + R26 + R27 + R28 + R29 + R30 + R31 + R32.
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fluorescence microscopy to confirm that ~50% of the pollen are fluorescent for each color. Confirm the presence and relative 
proportions of fluorescent classes representing COs. For example, pollen representing single CO events (A++, +BC, AB+ and 
++C) should be more frequent compared with those representing DCO events (A+C, +B+).
 crItIcal step It is possible to increase pollen yield by removing the plant’s primary axis to promote the development of 
secondary inflorescences. However, it is important to note that CO frequency is different on primary versus secondary axes19. 
Therefore, it is crucial that all samples contain similar proportions of primary and secondary inflorescences. Plant age does 
not markedly change CO frequency (Fig. 3f and table 11), but we recommend using age-matched controls in experiments.

Flow cytometry sample preparation ● tIMInG 30 min
8| Collect all inflorescences from an individual plant, or a pool of 7–9 plants, into a 50-ml polypropylene tube.  
Unless stated otherwise, carry out all steps at room temperature.
 pause poInt You may briefly pause at this step, leaving collected inflorescences in the polypropylene tubes at room 
temperature for up to 1 h. You may also freeze the inflorescences to score at a later time by adding 30 ml of PSB to each  
50-ml tube, shaking the tube vigorously for 1 min and transferring the tube to −20 °C. Frozen inflorescences can be stored  
at −20 °C for 1 month.

9| If you froze the material at Step 8, place the polypropylene tubes containing frozen inflorescences in a water bath set 
at 20 °C with occasional agitation to defrost. After defrosting, add 30 µl of 10% Triton X-100 to each polypropylene tube.  
If you did not freeze the material at Step 8, add 30 ml of PSB-T to each tube.

10| Vigorously agitate the tubes for 1 min and then incubate them for 10 min with occasional agitation.

11| Vortex the tubes for 3 s, and filter the solution through a 40-µm cell strainer. Collect the flow-through containing pollen 
in a fresh 50-ml polypropylene tube. Discard the strainer and the inflorescences.

taBle 6 | Wild-type (Col-0) I1bc genetic distances (cM) and CO interference measured using three-color flow cytometry

Genotype I1b cM I1c cM total exp Dcos obs Dcos coc Interference

Wild type 8.20 18.96 60,309 938 451 0.48 0.52

Wild type 8.81 19.47 75,444 1294 544 0.42 0.58

Wild type 8.33 18.99 69,600 1101 465 0.42 0.58

Total 8.47 19.16 205,353 3,332 1,460 0.44 0.56
I1b genetic distance is calculated as 100(R26 + R27 + R30 + R31)/total. I1c genetic distance is calculated as 100(R26 + R28 + R29 + R31)/Total. The expected DCOs (Exp DCO) are calculated as (cMAB/100) × 
(cMBC/100) × Ntotal. The coefficient of coincidence (CoC) is calculated as observed DCOs/expected DCOs. Observed DCOs = (R26 + R31). Interference is 1−CoC. All gate counts are from table 5.

taBle 7 | I1bc three-color flow cytometry data from wild-type (Col-0) and fancm zip4 mutants

Gate r25 r26 r27 r28 r29 r30 r31 r32

Genotype ABC +B+ A++ AB+ ++C +BC A+C +++ Total

Wild type 26,010 281 2,757 6,603 6,887 2,606 215 27,140 72,499

Wild type 18,660 174 1,969 4,740 4,778 1,931 163 18,659 51,074

Wild type 16,139 175 1,635 3,981 4,201 1,700 169 16,413 44,413

Total 60,809 630 6,361 15,324 15,866 6,237 547 62,212 167,986

fancm zip4 17,155 2,063 3,945 8,651 8,975 3,965 2,117 17,576 64,447

fancm zip4 18,946 2,242 4,280 9,183 9,609 4,438 2,215 19,527 70,400

fancm zip4 20,971 2,748 4,969 11,679 11,740 4,957 2,883 21,202 81,149

Total 57,072 7,053 13,194 29,513 30,324 13,360 7,215 58,305 216,036
Three biological replicates were analyzed for wild type and fancm zip4. The fluorescent FTL genotype associated with each gate and the corresponding counts are listed. The wild types here are biologically  
independent from those in tables 5 and 6. Total = R25 + R26 + R27 + R28 + R29 + R30 + R31 + R32.
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12| Centrifuge the flow-through at 450g for 2 min at 4 °C. After centrifugation, a yellow pellet enriched in pollen will form.

13| Carefully remove and discard the supernatant by inverting the tube.

14| Wash the pellet by adding 30 ml of PSB, and centrifuge the suspension at 450g for 2 min at 4 °C.
 crItIcal step Do not add Triton X-100 to your wash buffer, as it is incompatible with flow cytometry.

15| Carefully remove the supernatant and discard it.
 crItIcal step Take extra care to not disturb the diffuse pollen pellet when removing the supernatant.

16| Add 200–500 µl of PSB to the pellet and vortex it. The resulting suspension should contain 100,000–300,000 pollen 
grains per milliliter, depending on the number of plants you collected pollen from. In our experience, these concentrations 
work best for flow cytometry.

17 Place your samples on ice.

18| Perform flow cytometry analysis. If you are using the two-color assay, follow option A. If you are using the three-color 
assay, follow option B.
 crItIcal step Perform flow cytometry immediately, as 
incubating pollen in PSB for extended periods of time will 
decrease fluorescence intensities. It is also important to  
protect the samples from light.
(a) two-color assay: measuring genetic distance using 
eYFp and dsred Ftls ● tIMInG 20 min (step 18a(i–xii))
 (i)  Data acquisition from flow cytometer. Vortex the  

samples for 5 s to resuspend the pollen grains, and filter 
the samples through a 50-µm filter into a 5-ml round-
bottom tube. Note that a representative flow cytometry 
workflow for the two-color assay is shown in Figure 4a. 
 crItIcal step Settled pollen grains will aggregate 
and block the flow cytometer. Therefore, it is  
necessary to vortex and filter pollen immediately  
before analysis. Agitation during data acquisition is 
also recommended.

taBle 8 | I1bc genetic distances (cM) and CO interference measured using three-color flow cytometry in wild-type (Col-0) and  
fancm zip4 mutants

Genotype I1b cM I1c cM total exp Dco obs Dco coc Interference P value

Wild type 8.08 19.29 72,495 1,130 496 0.44 0.56 ~0

Wild type 8.30 19.30 51,069 818 337 0.41 0.59 ~0

Wild type 8.28 19.20 44,411 706 344 0.49 0.51 ~0

Total 8.20 19.27 167,975 2,654 1,177 0.44 0.56 ~0

fancm zip4 18.76 33.84 64,443 4,091 4,180 1.02 −0.02 0.11

fancm zip4 18.70 33.01 70,430 4,348 4,457 1.02 −0.02 0.08

fancm zip4 19.17 35.80 81,146 5,569 5,631 1.01 −0.01 0.25

Total 18.90 34.30 216,019 14,003 14,268 1.02 −0.02 0.009
I1b genetic distance is calculated as 100(R26 + R27+ R30 + R31)/total. I1c genetic distance is calculated as 100(R26 + R28 + R29 + R31)/Total. The expected DCOs are calculated as (cMAB/100) × (cMBC/100) ×  
Ntotal. The coefficient of coincidence (CoC) is calculated as (R26 + R31)/expected DCOs. Interference is 1 − CoC. All gate counts are obtained from table 7. The wild-type plants analyzed here are independent 
from those in tables 5 and 6. P values testing whether the CoC differs significantly from 1 were calculated using likelihood ratio tests (ANTICIPATED RESULTS).

taBle 9 | CEN3 genetic distances measured from qrt1-2 (Col-0) 
tetrad counting data

Genotype total tetrads tt npD Genetic distance (cM)

Wild type 1,071 209 0 9.76

Wild type 1,028 218 1 10.89

Wild type 1,179 239 1 10.39

Wild type 1,235 265 0 10.73

Total 4,513 931 2 10.45
CEN3 genetic distance is calculated as (0.5TT + 3NPD)/total × 100. TT, tetratype; NPD, non-parental 
ditype.
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 (ii)  Calibration using Col-0 control. Run the Col-0 sample, and analyze the pollen in a forward scatter (FSC)/side scatter 
(SSC) plot (e.g., Fig. 4b). Adjust the instrument gain settings (photoamplifier voltage, amplifier gain or both) to  
separate pollen from smaller-sized particles (e.g., Fig. 4b). 
? trouBlesHootInG

 (iii) Set gate R1 on the pollen population (e.g., Fig. 4b).
 (iv)  Analyze the pollen from the gate R1 in an eYFP (FL1)/dsRed (FL2) plot (Fig. 4c). As pollen is autofluorescent,  

adjust the instrument gain settings to bring the nonfluorescent Col-0 pollen to the bottom left-hand corner of the  
plot (Fig. 4c).

 (v)  Calibration using eYFP/+ control. Remove the Col-0 sample, and run the eYFP/+ sample. The R1 gate set for Col-0 in 
Step 18A(iii) is normally used for subsequent samples, although gate adjustments can be made if necessary. 
? trouBlesHootInG

 (vi)  Analyze the pollen from gate R1 in an FL1/FL2 plot. Adjust instrument gain settings so that fluorescent and  
nonfluorescent pollen show two distinct populations (Fig. 4d). 
? trouBlesHootInG

 (vii)  While the sample analysis is running, set fluorescence compensations. Specifically, determine and subtract the  
percentage of eYFP fluorescence signal that ‘spills over’ into the FL2 detector. 
 crItIcal step The inherent overlap of eYFP and dsRed emission spectra makes compensation necessary.  
The compensation is set correctly when the median fluorescence intensities of fluorescent and nonfluorescent pollen 
have equal or very similar values (Fig. 4d,e). Incorrectly set compensations will make the data hard or impossible  
to interpret.

 (viii)  Calibration using dsRed/+ control. Remove the eYFP/+ sample, and insert the dsRed/+ sample.
 (ix)  Repeat Step 18A(vi) (Fig. 4e). 

? trouBlesHootInG
 (x)  While the sample is running, set fluorescence compensations. Specifically, determine and subtract the percentage of 

dsRed fluorescence signal that ‘spills over’ into the FL1 detector (Fig. 4e). Once determined, save compensations and 
instrument settings for eYFP and dsRed for use in subsequent experiments.

 (xi)  Analyze the pollen from gate R1 in a dsRed pulse width (FL2-W)/dsRed pulse area plot (FL2-A) (e.g., Fig. 4f), which 
distinguishes single, double and multiple events. Exclude the double and multiple events by setting gate R2 on single 
events (e.g., Fig. 4f). In the subsequent samples, analyze pollen from gates R1 + R2 in FL1/FL2 plots, and adjust R1 
and R2 boundaries if necessary.

taBle 10 | CEN3 genetic distances measured in wild type (Col-0) using the flow cytometry two-color assay

Gate r3 r4 r5 r6 total (r2) adjusted total Genetic distance (cM)

Genotype A+ AB ++ +B

Wild type 2,424 11,943 14,067 1,456 29,890 27,766 10.49

Wild type 2,029 12,834 13,399 1,511 29,773 29,208 10.35

Wild type 2,029 12,202 14,035 1,509 29,775 27,942 10.80

Wild type 1,610 3,649 5,840 482 11,581 9,390 10.27

Wild type 1,206 3,146 4,121 373 8,846 7,871 9.48

Total 9,298 43,774 51,462 5,331 109,865 102,177 10.43
CEN3 genetic distances are calculated as cM = 100 × 2R6/(R2 − (R5 − R4)). Adjusted total = R2 − (R5 − R4). The fluorescent FTL genotype associated with gates R3−R6 and the corresponding counts are listed.

 Box 1 | Simplified procedure for determining fluorescence genotypes 
1. Collect an open flower.
2. Holding the flower with a pair of tweezers, gently tap it on a dry microscope slide. This will release ~30–100 pollen grains from any 
dehisced anthers.
3. Determine pollen fluorescence using a dissecting or an epifluorescence microscope equipped with UV lamp and the appropriate filter set.
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 (xii)  Data acquisition from lines expressing eYFP and dsRed. 
Acquire data from pollen expressing both dsRed and 
eYFP (Fig. 4g). Collect data for at least  
20,000–30,000 events in gate R1. 
 crItIcal step We recommend analyzing a  
minimum of three biological replicates per genotype. 
? trouBlesHootInG 
 pause poInt Data can be analyzed at a later time.

 (xiii)  Data analysis. Load the data from the flow cytometer 
into analysis software, create a FSC/SSC plot and 
define pollen in gate R1 (Fig. 4b).

 (xiv)  Analyze the events in gate R1 in an FL2-W/FL2-A plot, 
and exclude double and multiple events by setting 
gate R2 on single events (Fig. 4f).

 (xv)  Analyze the events in gates R1 + R2 in a FL1/FL2 plot 
(Fig. 4g).

 (xvi)  Set quadrants to define four populations with the  
following fluorescence genotypes: ++, eYFP+, +dsRed 
and eYFPdsRed in gates R5, R6, R3 and R4,  
respectively (Fig. 4g).

 (xvii)  Use pollen counts for gates R2, R3, R4, R5 and R6, 
and perform genetic distance calculations as described  
in ANTICIPATED RESULTS. 
? trouBlesHootInG

(B) three-color assay: measuring genetic distance  
and co-interference using dsred, eYFp and ecFp Ftls  
● tIMInG 30 min (step 18B(i–xiv))
 (i)  Data acquisition from flow cytometer. Vortex the  

samples for 5 s to resuspend pollen grains, and filter 
the samples through a 50-µm filter into a 5-ml  
round-bottom tube. Note that a representative flow 
cytometry workflow for the two-color assay is shown 
in Figure 5a.

 (ii)  Calibration using Col-0 control. Run the Col-0 sample, 
and analyze pollen in a FSC/SSC plot (e.g., Fig. 5b).  
Adjust the instrument gain settings to separate pollen 
from smaller-sized particles (e.g., Fig. 5b). Two  
partially overlapping populations representing  
hydrated and nonhydrated pollen will be visible.  
Set gate R1 on hydrated pollen (e.g., Fig. 5b). 
? trouBlesHootInG

 (iii)  Analyze the gate R1 population in a pulse width/SSC plot (Fig. 5d). This allows further separation of hydrated and 
non-hydrated pollen populations (e.g., Fig. 5c and supplementary Figs. 2 and 3). In addition, it allows the separa-
tion of single from double and multiple events. Set gate R2 on the population representing hydrated, single  
pollen (e.g., Fig. 5c,d). We note that pulse width/SSC analysis is not available on all machines (e.g., FACScan) and 
suggest a way to avoid artifacts caused by non-hydrated pollen in ANTICIPATED RESULTS. 
? trouBlesHootInG

 (iv)  Analyze the pollen in gates R1 + R2 in eYFP (FL1)/dsRed (FL2), eYFP (FL1)/eCFP (FL5) and dsRed (FL2)/eCFP (FL5) 
plots (Fig. 5e–g). Adjust the instrument gain settings to bring non-fluorescent Col-0 pollen to the bottom left-hand 
corner of each plot.

 (v)  Calibration using eCFP/+ control. Remove the Col-0 sample, and run the eCFP/+ sample. R1 and R2 gates set for Col-0 
in Step 18B(ii, iii) are normally used for subsequent samples, although gate adjustments can be made if necessary. 
? trouBlesHootInG

 (vi)  Analyze the pollen in gates R1 + R2 in FL1/FL5 and FL2/FL5 plots. Adjust instrument gain settings so that fluorescent 
and nonfluorescent pollen show two distinct populations. 
? trouBlesHootInG

taBle 11 | I1b genetic distance measured in wild type (Col-0) 
using the two-color assay at varying developmental ages

plant age Gate r6 adjusted total Genetic distance (cM)

12 855 21,156 8.08

12 1,117 27,227 8.21

12 1,108 28,016 7.91

12 1,134 27,924 8.12

18 1,223 30,814 7.94

18 1,193 30,531 7.82

18 1,152 30,916 7.45

18 1,192 30,761 7.75

20 1,034 28,854 7.17

20 1,128 28,235 7.99

20 1,076 27,262 7.89

20 1,067 27,327 7.81

20 1,084 26,521 8.17

20 1,070 26,610 8.04

30 1,170 30,700 7.62

30 1,197 30,580 7.83

30 1,211 31,064 7.80

30 1,212 31,502 7.69

38 1,009 25,224 8.00

38 1,112 29,101 7.64

38 1,270 29,707 8.55

38 1,128 28,820 7.83
I1b genetic distance is calculated as (2 × R6/adjusted total) × 100. Plant age is the average number 
of siliques on the main axis.
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Figure 4 | Flow cytometry acquisition plots  
for two-color analysis of pollen. (a) Schematic 
of a representative flow cytometry workflow 
for two-color analysis. Analysis types used to 
obtain the indicated pollen populations are 
indicated above arrows. The final four gates 
have corresponding fluorescence genotype 
indicated in parentheses. (b) Forward scatter 
(FSC)/side scatter (SSC) plot of eYFPdsRed/++ 
pollen, with the R1 gate indicated. The 
percentage of events in gate R1 is listed. 
Events are represented as red points (b–g).  
(c) eYFP (FL1)/dsRed (FL2) plot of non-
transgenic Col-0 pollen. The percentage of 
events in each quadrant is indicated in the 
inset cross diagram (c–e,g). (d) eYFP  
(FL1)/dsRed (FL2) plot of eYFP+/eYFP+ pollen. 
Median fluorescent intensities (MFIs) for the 
y axis are shown beneath the plot. (e) eYFP 
(FL1)/dsRed (FL2) plot of +dsRed/+dsRed 
pollen. MFIs for the x axis are shown beneath 
the plot. (f) Pulse width (FL2-W)/pulse  
area (FL2-A) plot of eYFPdsRed/++ pollen. 
Single events are indicated in the R2 gate.  
The percentage of events in gate R2 is 
listed. (g) eYFP (FL1)/dsRed (FL2) plot of 
eYFPdsRed/++ pollen.
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Figure 5 | Flow cytometry acquisition plots for 
three-color analysis of pollen. (a) Schematic of a 
representative flow cytometry workflow for three-
color analysis. Analysis types used to obtain the 
indicated pollen populations are indicated above 
arrows. The final 12 gates have corresponding 
fluorescence genotype indicated in parentheses. 
(b) Forward scatter (FSC)/side scatter (SSC) plot of 
eYFPdsRedeCFP/+++ pollen, with gate R1 indicated. 
The percentage of events in gate R1 is listed.  
In b–j, events are represented as red points,  
with areas of high-density colored blue.  
(c) Pulse width/side scatter (SSC) plot of all 
eYFPdsRedeCFP/+++ pollen. Clouds representing 
non-hydrated pollen, hydrated pollen and double 
events are indicated (supplementary Figs. 2 
and 3). (d) Pulse width/side scatter (SSC) plot 
of eYFPdsRedeCFP/+++ R1 pollen, with gate R2 
indicated. The percentage of events in gate R2 is 
listed. (e) eYFP (FL1)/dsRed (FL2) plot of Col-0 
pollen. The percentage of events in each quadrant is 
indicated in the inset cross diagrams (e–j).  
(f) eYFP (FL1)/eCFP (FL5) plot of Col-0 pollen.  
(g) dsRed (FL2)/eCFP (FL5) plot of Col-0  
pollen. (h) eYFP (FL1)/dsRed (FL2) plot of 
eYFPdsRedeCFP/+++ pollen. (i) eYFP (FL1)/eCFP 
(FL5) plot of eYFPdsRedeCFP/+++ pollen. (j) dsRed 
(FL2)/eCFP (FL5) plot of eYFPdsRedeCFP/+++ pollen.
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 (vii)  While the sample is running, 
set fluorescence compensations. 
Determine and subtract the 
percentage of eCFP fluorescence 
signal that ‘spills over’ into FL1 
and FL2 detectors.

 (viii)  Calibration using eYFP/+ control. 
Remove the eCFP/+ sample, and 
run the eYFP/+ sample.

 (ix)  Analyze the pollen in gates  
R1 + R2 in FL1/FL2 and FL1/FL5 
plots. Adjust the instrument gain  
settings so that fluorescent and 
nonfluorescent pollen show two 
distinct populations. 
? trouBlesHootInG

 (x)  While the sample is running, set fluorescence compensations. Determine and subtract the percentage of eYFP  
fluorescence signal that ‘spills over’ into FL2 and FL5 detectors.

 (xi) Calibration using dsRed/+ control. Remove the eYFP/+ sample, and run the dsRed/+ sample.
 (xii)  Analyze the pollen in gate R1 + R2 in FL1/FL2 and FL2/FL5 plots. Adjust instrument gain settings so that fluorescent 

and non-fluorescent pollen show two distinct populations. 
? trouBlesHootInG

 (xiii)  While the sample is running, set fluorescence compensations. Determine and subtract the percentage of dsRed  
fluorescence signal that ‘spills over’ into FL1 and FL5 detectors. Once determined, save compensations and the  
instrument settings for eCFP, eYFP and dsRed to use for subsequent experiments.

 (xiv)  Data acquisition from lines expressing eYFP, dsRed and eCFP. Proceed to running ABC/+++ samples. Collect data for at 
least 50,000 events in gate R2 per sample. 
 crItIcal step Set quadrants in FL1/FL2, FL1/FL5 and FL2/FL5 plots (Fig. 5h–j). If the instrument settings and 
compensations have been set correctly, the number of events of reciprocal genetic classes should be very similar.  
For example, compare gates R3 and R6 or gates R4 and R5 (Fig. 5h). 
? trouBlesHootInG 
 pause poInt Data can be analyzed at a later time.

 (xv)  Data analysis. Load the data from the flow cytometer into analysis software, create FSC/SSC and pulse width/SSC plots 
and define pollen in gates R1 and R2, as described in Step 18B(ii,iii) (Fig. 5b–d).

 (xvi)  Analyze the events in gates R1 + R2 in FL1/FL2, FL1/FL5 and FL2/FL5 plots, and set compensations as described in 
Step 18B(vii, x and xiii) (see also option A Step 18B(vii and x)) (Fig. 5h–j). 
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Figure 6 | Flow cytometry histograms for three-
color analysis of I1bc/+++ pollen. (a) eYFP (FL1) 
histogram. (b) eCFP (FL5) histogram. (c) dsRed 
(FL2) histogram. (d) eCFP non-fluorescent pollen 
(R17) from histogram b analyzed in an eYFP  
(FL1) histogram. (e) eCFP fluorescent pollen  
(R18) from histogram b analyzed in an eYFP  
(FL1) histogram. (f) eYFP non-fluorescent pollen 
(R21) from histogram d analyzed in a dsRed (FL2) 
histogram. Gates R25 and R26 represent +++ and 
+B+ pollen, respectively. (g) eYFP fluorescent 
pollen (R22) from histogram d analyzed in a 
dsRed (FL2) histogram. Gates R27 and R28 
represent A++ and AB+ pollen, respectively.  
(h) eYFP non-fluorescent pollen (R23) from 
histogram e analyzed in a dsRed (FL2) histogram. 
Gates R29 and R30 represent ++C and +BC pollen, 
respectively. (i) eYFP fluorescent pollen (R24) 
from histogram e analyzed in a dsRed (FL2) 
histogram. Gates R31 and R32 represent A+C and 
ABC pollen, respectively. The percentage of events 
in each gate is indicated (a–i).
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   crItIcal step Non-hydrated pollen can cause erroneous counts. In order to correct for this, change gate R2 
boundaries to exclude non-hydrated pollen (Fig. 5b–d). 
? trouBlesHootInG

   (xvii)  Create histograms for FL1, FL5 and FL2 and gate fluorescent and non-fluorescent populations (Fig. 6a–c). For each 
histogram, confirm that the events in fluorescent (R16, R18 and R20, respectively) and non-fluorescent (R15, R17 and 
R19, respectively) gates do not differ by more than 1%. 
 crItIcal step eCFP fluorescence intensity is relatively low, and fluorescent and non-fluorescent populations may 
partially overlap. In this case, leave a non-gated population between fluorescent and non-fluorescent populations 
(Fig. 6b). 
? trouBlesHootInG

 (xviii)  Analyze the events in gates R17 and R18 in two separate FL1 histograms (Fig. 6d,e). Divide R17 events using gate 
coordinates from Step 18B(xvii) into fluorescent (R22) and non-fluorescent (R21) populations (Fig. 6d). Divide R18 
events using gate coordinates from Step 18B(xvii) into fluorescent (R24) and non-fluorescent (R23) populations (Fig. 
6e).

     (xix)  Analyze the events in gates R21, R22, R23 and R24 in four separate FL2 histograms (Fig. 6f–i). Divide fluorescent and 
non-fluorescent populations in each histogram using gate coordinates from Step 18B(xvii), in order to obtain counts 
for the eight fluorescent genotypic classes: ABC (R32), +++ (R25), A++ (R27), +BC (R30), A+C (R31), +B+ (R26),  
AB+ (R28) and ++C (R29) (Fig. 6f–i).

       (xx)  Use pollen counts for gates R25–R32 to perform genetic distance and interference calculations as described  
in ANTICIPATED RESULTS. 
? trouBlesHootInG

? trouBlesHootInG
Troubleshooting advice can be found in table 12.

taBle 12 | Troubleshooting table.

step problem possible reason solution

5 Crosses fail to produce 
many seeds

Flower organs may be damaged 
during crossing, or plants were 
too old

Take care when performing crosses, using fine forceps 
and a magnifying glass. Use young plants that have 
formed <10 siliques on the primary axis. Use stigmas  
of flowers that are still closed but are showing tips  
of petals. For pollination, use open flowers with  
well-exposed anthers

18A(i, xi), 
18B(ii,xiv)

Very little or no pollen 
in samples. It takes too 
long (more than 15 min) 
to collect the required 
number of events

Low amount or poor quality of 
starting pollen 
 
 
Pollen-enriched pellet is lost 
 
Pollen sample is too diluted

Make sure plants are healthy and not dessicated. Use at 
least 25–30 (two-color) or 90 (three-color) healthy  
inflorescences containing 3–4 open flowers each as start-
ing material. Make sure you carefully perform Step 15 
Take extra care when removing the supernatant in Step 15 
Increase the amount of starting material in Step 8 
Centrifuge the sample for 2 min at 450g at 4 °C, and 
carefully remove the supernatant and resuspend the 
supernatant in 200 µl PSB

18A(ii, xi), 
18B(ii, xiv)

Flow cytometer is 
blocked

Larger particles in your sample Filter through 50-µm filter before analysis on a flow 
cytometer. Refer to Step 18A(i) and 18B(i)

18A(v, xii), 
18B(ii, xiv)

Pollen population is no 
longer in gates R1 and R2

Flow rate has been changed 
Excess FACS Flow buffer has been 
introduced into the sample

Do not change flow rate during your experiment 
Do not dilute your sample with FACS Flow buffer

18A(vi, ix), 
18B(vi, ix, xii)

Poor separation between 
non-fluorescent and  
fluorescent pollen

Pollen fluorescence intensity has 
decreased due to long incubation 
in PSB 
Error in adjusting flow cytometer 
instrument settings

Proceed to flow cytometry immediately after  
Steps 15 and 16 
Using Col-0, dsRed/+, eYFP/+ and eCFP/+ samples adjust 
flow cytometry instrument settings (Steps A(ii–x) and 
B(ii–xiii))

(continued)
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● tIMInG
Steps 1–7, selection of FTLs and qrt1-2 complementation: 11–15 weeks
Steps 8–18, flow cytometry sample preparation: 30 min
Step 18A(i–xii), two-color assay: measuring genetic distance using eYFP and dsRed FTLs: 20 min
Step 18A(xiii–xvii), data analysis: 20 min
Step 18B(i–xiv), three-color assay: measuring genetic distance and co-interference using dsRed, eYFP and eCFP FTLs: 30 min
Step 18B(xv–xx), data analysis: 20 min

antIcIpateD results
two-color assay: calculating genetic distance
In transgenic lines homozygous for eYFP and/or dsRed transgenes, we observe non-fluorescent pollen grains in gate R5, 
which we believe represent pollen that have lost expression of FTL transgenes (Fig. 4d,e; ref. 13). In pollen heterozygous 
for genetically linked dsRed and eYFP FTLs, we believe that the excess of events in gate R5 relative to R4 similarly represents 
pollen that have lost FTL expression (Fig. 4g). We recommend excluding these pollen from analysis, by first estimating their 
number (R5 − R4) and then subtracting it from the total: R2 − (R5 − R4).

In lines heterozygous for both eYFP and dsRed (eYFPdsRed/++), we previously observed that the number of events in R3 
exceeds that in R6 (ref. 13). Analysis of R1-gated pollen in a pulse-width/SSC plot reveals distinct populations of hydrated 
and non-hydrated pollen (Fig. 5c,d and supplementary Fig. 3b). We observed that gating on the hydrated pollen (R2′) 
reduces the difference between R3 and R6 counts in an FL1/FL2 plot (supplementary Fig. 3c,d). If both hydrated and  
non-hydrated pollen are analyzed (R2), then substantial numbers of counts are observed in gate R7, which cause the excess 
R3 counts (supplementary Fig. 3d). By back-gating, we show that the R7 pollen are from the non-hydrated population 
(supplementary Fig. 3e). Therefore, if the flow cytometer used allows pulse width/SSC analysis, then hydrated pollen should 
be selected. Alternatively, to avoid the artifact caused by non-hydrated pollen in gate R7, we recommend multiplying the 
events in R6 by 2 to obtain the number of CO pollen grains. Therefore, to calculate genetic distance of an interval flanked by 
two fluorescent markers (cM), after applying pulse width/SSC analysis, use the formula:

cM = 100 (R3 + R6)/(R2 (R5 R4))× ′− −

taBle 12 | Troubleshooting table (continued).

step problem possible reason solution

18A(xvii), 
18B(xiv, xvi)

Ratios of events in gates 
representing reciprocal 
genotypic classes deviate 
from 1:1

Fluorescent genotypes have not 
been determined correctly 
 
 
 
 
Gates 1 and 2 have not been set 
correctly 
 
The non-hydrated and damaged 
pollen population is larger than 
the hydrated pollen population

When determining fluorescent genotypes, make sure  
that pollen grains are well separated on the slide, and at 
least 50 pollen grains are observed 
Before starting the procedure, estimate the expected  
fluorescent genotype ratios and then confirm their  
relative abundance 
Try to adjust the gate shape and/or size to better fit 
the desired population and minimize overlap with other 
populations 
Proceed to flow cytometry immediately after  
Steps 15 and 16

18B(ii, iii) Only damaged or  
non-hydrated pollen is 
observed in SSC/FSC and 
pulse width/SSC plots

Pollen has deteriorated during 
storage or is too old

Prepare fresh pollen isolates and take extra care during  
storage. Try to process the pollen immediately after 
defrosting. Do not store pollen for longer than 1 month 
at −20 °C

18A(xvii), 
18B(xx)

Interval genetic distance 
is different from previous 
measurements

Genetic distance can be influenced 
by growth conditions

Grow plants in an environmentally controlled cabinet, 
with experimental and control plants sown alongside 
one another

18B(xvii) Fluorescent and  
non-fluorescent  
populations for a single 
color differ by >1%

Hydrated and non-hydrated  
pollen have not been completely 
separated 
One or more of the FTL T-DNAs 
used may have undergone gene 
silencing

Do not store pollen for longer than 1 month at −20 °C. 
Use a flow cytometer able to perform SSC/pulse width 
analysis to separate hydrated pollen 
Gene silencing can be investigated by analysis of 
homozygous FTLs, where the <1% of counts should be 
detected in quadrants representing single-color pollen



©
20

13
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

protocol

nature protocols | VOL.8 NO.11 | 2013 | 2133

In order to calculate genetic distance of an interval flanked by two fluorescent markers, without applying pulse width/SSC 
analysis, use the formula:

cM = 100 2R6/(R2 (R5 R4))× − −

where R2, R2′, R3, R4, R5 and R6 represent the number of events in each gate.

three-color assay: calculating genetic distance and co interference
In order to calculate the genetic distance of the first interval (AB), use:

Total pollen = = R25 + R26 + R27 + R28 + R29 + R30 + R31 + R32Ntotal

cM +

cM R26 + R27 + R30
++ + + + +AB A BC A C B total

AB

N N N N N= × + +
= ×

100

100

( )/

( ++ R31)/Ntotal

In order to calculate the genetic distance of the second interval (BC), use:

cM +

cM R26 + R28 + R29
+ + + + ++BC A C B AB C total

BC

N N N N N= × + +
= ×

100

100

( )/

( ++ R31)/Ntotal

where R25, R26, R27, R28, R29, R30, R31 and R32 represent the number of events in each gate and correspond to estimates 
for pollen FTL genotype frequencies (e.g., NA+C indicates the number of pollen with FTL genotype A+C).

In order to calculate CO interference, first calculate the number of DCOs expected in the absence of interference:

Expected DCOs = (cM /100) (cM /100)AB BC total× × N

Thereafter, calculate the coefficient of coincidence using the observed DCOs. Interference is 1 – coefficient of coincidence 
(CoC), with a value of 1 indicating complete interference.

CoC Observed DCOs/Expected DCOs

CoC (R26 R31)/Expected DCOs

Int

=
= +

eerference 1-CoC=

statistical methods for two- and three-color analyses
Genetic distances and s.e.m. values for tetrad data (Fig. 3 and tables 3 and 9) can be calculated using formulae from the 
Stahl laboratory website25 (http://molbio.uoregon.edu/~fstahl/). The 95% confidence interval for genetic distances from the 
flow cytometry two-color assay can be approximated as:

cM 100 1.96 (4 (R6/ ) (1 R6/ )/ )± −× × √ × ×N N Ntotal total total

In order to calculate s.e.m. for two-color genetic distances, the variances of the gate count frequencies are first derived:

Var( / ) / /n n nR N R N R N Ntotal total total total= −× ( )/1

where Rn is the gate number for each gate in the numerator of the formula above. The variance of the sum of the frequencies 
is calculated as the sum of variances of the frequencies, plus each of the pairwise covariances multiplied by 2. For example, 
the covariance of R1 and R2 is:

Cov( 1R R R N R N N, ) ( / ) ( / )/2 1 2= total total total×

The variance of the coefficient of coincidence is calculated using Stevens’ formula26:

Var(CoC) CoC/ CoC a CoC b CoC a b+2CoC a b)/a b2= − − −Ntotal × × × × × × × ×((1 ))

where a = cMAB/100 and b = cMBC/100.
The s.e.m. values are the square roots of the variances, and the 95% confidence intervals are calculated as the estimate 

±1.96 × s.e.m. The statistical significance of interference can be determined using a log likelihood ratio test27. The R function  

http://molbio.uoregon.edu/~fstahl/
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optim can be used to minimize the negative likelihoods. An approximate test of significance for the difference between two 
independent groups can be calculated from a z-test using the estimates (cM or CoC) for the two groups and their variances:

z = (estimate 1 estimate 2)/ (variance 1+ variance 2)− √

The P value can be determined using statistical tables or software (e.g., the R function pnorm). For equivalence between the 
two groups, confidence intervals should be used.

To compare the interference estimates made using tetrad data with those from flow cytometry, we first converted the I1bc 
tetrad data into an equivalent set of single pollen grains (table 4) using the method described in the Anticipated Results 
section ‘Three-color assay: calculating genetic distance and CO interference’. The two methods have overlapping confidence 
intervals for I1bc genetic distances and interference estimates (Fig. 3b–d) and for CEN3 genetic distance (Fig. 3e). In order 
to demonstrate the utility of our flow cytometry method for detection of changes in CO regulation, we measured I1bc in the 
fancm zip4 mutant. Consistent with published reports24, we observed elevated I1bc CO frequency (z tests: I1b P~0, I1c P~0) 
and an absence of positive interference in fancm zip4 (Fig. 3g–i and tables 7 and 8). Likelihood ratio tests show significant 
positive interference for wild type and zero, or marginally negative, interference for fancm zip4 (Fig. 3g–i and tables 7  
and 8). The difference between wild-type and fancm zip4 I1bc interference is highly significant (z test: P~0). Therefore, 
these methods will be useful to investigate genetic and epigenetic control of CO patterns in plants.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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