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Abstract: In situ imaging of molecular markers on a physical chromosome is an indispensable tool 27 
for refining of genetic maps and validation genome assembly at the chromosomal level. Despite 28 
tremendous progress in genome sequencing the plant genome assembly at chromosome level still 29 
remain a challenge. Recently developed optical and Hi-C mapping aim to assist in genome assem- 30 
bly. For high-confidence in the genome assembly at chromosome level more independent ap- 31 
proaches will be required. The present study aimed to refined an ultrasensitive Tyr-FISH technique 32 
and to develop a reliable and easy method for in situ mapping of a short unique DNA sequences on 33 
plant chromosomes. We have carefully analyzed the critical steps of the Tyr-FISH technique to find 34 
out the reasons for the failures of using the method. It has been shown that successful visualization 35 
of marker/gene depends significantly on method of chromosome slide preparation, probe design 36 
and labelling, high stringency washing. Appropriate adjustment of these steps allowed us to detect 37 
a short DNA sequence of 1.7Kb with a frequency of 51.6%. Based on our results, we developed a 38 
reliable and simple protocol for dual-color Tyr-FISH visualization of short unique DNA sequences 39 
on plant chromosomes. New protocol allows more accurate determination of the physical distance 40 
between markers and can be applied for faster integration of genetic and cytogenetic maps.  41 

Keywords: Tyr-FISH, plant chromosome preparation, recombinant and cytogenetic maps, tran- 42 
script-based markers, genome assembly, Allium cepa 43 
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Genetic linkage maps that have been used for over 100 years aided greatly in de novo 46 
assembly of plant genomes [1-4]. Linkage map based on recombination rate between 47 
markers can anchor de novo sequences and order small fragments into chromosome-scale 48 
sequences. However, linkage maps, which are most accurate in regions of the genome 49 
with high rates of recombination, can result in mistakes in arranging scaffolds in region 50 
of suppressed recombination e.g., pericentromeric, knob and subtelomeric heterochroma- 51 
tin [5-7]. The cytogenetic map can compensate for the discrepancy between the real posi- 52 
tion of the DNA sequence and its position on the genetic linkage map. Moreover, the cy- 53 
togenetic map is useful in synteny and collinearity comparison between relative genomes 54 
[8,9], especially for complex-genome organisms which has large amounts of repetitive 55 
DNA, such as wheat [10] or onion [11]. Third generation sequencing technologies such as 56 
PacBio and Oxford Nanopore offer vast improvements over Sanger and Illumina sequenc- 57 
ing for long reads. Now whole genomes can be quickly sequenced, but genome assembly 58 
is much slower and more labor and computational. Whole genome sequence is much 59 
more informative when linked and oriented to chromosomes than unlinked and disor- 60 
dered scaffolds. Hi-C and optical mapping methods aim to assist in genome assembly at 61 
chromosome level. Hi-C is a sequencing-based assay originally designed to inquire the 62 
3D structure by measuring the contact frequency between all pairs of loci in the genome 63 
[12, 13]. However, the Hi-C assembly data contains a significant number of contig orien- 64 
tation errors when the contig is in the correct position but not in the correct orientation 65 
[14]. Optical mapping has been used for arranging the scaffolds of pseudo chromosomes 66 
in de novo assembly of plant genomes [15]. Rearrangements such as translocations involv- 67 
ing the ends of pseudomolecules in Spirodela polyrhiza genome assembly were more easily 68 
detected by the optical mapping, while inverted orientation of a sequence within a scaf- 69 
fold was possible to detect only via a cytogenetics approach [16].  70 

It is obvious that the creation a reference genome at the chromosome level of resolu- 71 
tion will probably require more independent approaches for high-confidence in the ge- 72 
nome assembly at chromosome level. In situ imaging of molecular markers on a physical 73 
chromosome for integration of chromosomal and genetic maps is an indispensable tool 74 
for refining of genetic maps and validation genome assembly at the chromosomal level. 75 
BAC-FISH mapping was successfully used for genome assembly in plant species with 76 
small genomes such as tomato [6, 17], grass species Brachypodium distachyon [18], duck- 77 
weed Spirodela intermedia [19]. Though BAC-FISH mapping is less applicable for large- 78 
genome species that contain a huge amount of dispersed, repetitive DNA sequences. In- 79 
tegrated genetic and cytogenetic maps are a necessary step for the assembly of large ge- 80 
nomes possessing a huge number of repetitive sequences, like A. cepa (1C = 16.3 Gb of 81 
which 98% is repetitive DNA). An excellent solution to this problem can be direct in situ 82 
visualization of molecular markers from genetic maps used to guide genome assembly. 83 
However, here we are faced with such an obstacle as the sensitivity of the FISH method. 84 
The sensitivity threshold of common FISH is 10Kb, while the size of markers is much 85 
smaller, often several hundred base pairs. Tyramide (Tyr)-FISH is an approach to increase 86 
the sensitivity of FISH [20] and has been applied to plant chromosome [11, 21-25]. How- 87 
ever, the method has not become routine because of indistinct in situ hybridization signals 88 
for some probes, low detection frequency and low repeatability among different labora- 89 
tories [26].  90 

Taking all together, development of a reproducible method for visualizing relatively 91 
short target DNA sequences on a physical chromosome to create integrated genetic and 92 
cytogenetic maps is а timely task in the rapid progress in sequencing of numerous plant 93 
genomes for validation of genome assembly at chromosomal level. In this paper we de- 94 
scribe a reliable Tyr-FISH method for two-color detection of short DNA sequences (1.7- 95 
3.2Kb) on compact plant chromosomes using a detailed study of all steps of the protocol, 96 
including troubleshooting analysis.  97 

2. Results 98 
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2.1 Probe preparation and labeling: reducing background and increasing signal-to-noise ratio 99 

The method of tyr-FISH signal amplification based on the combination of the ad- 100 
vantages of enzymatic deposition of many tyramide molecules and sensitive fluorescence 101 
detection requires a special approach in the creation of DNA probe. The probe should be 102 
(i) extended for specific target sequences - design an exon-intron sequences, (ii) lack re- 103 
petitive DNA, (iii) proper size after labelling to easy access the target sequences.  104 

Increasing amount of data in different databases makes possible to design exon-in- 105 
tron probes without additional sequencing of target genes via primer construction and 106 
producing genomic amplicon. Advances in genome and transcriptome sequencing and 107 
assembly provide an opportunity to detect introns and exons boundaries and positions in 108 
target gene. The presence of unique intron sequences within a transcript-based probe hav- 109 
ing conserved exon sequences increases both the specificity and the length of the target 110 
chromosomal sequences. For the design of the probe, we selected two markers from the 111 
transcriptome map assigned to chromosome 2, which were mapped at a distance on re- 112 
combinant map [27]. To design an exon-intron probe we blasted Unigene572 and 113 
Unigene5305 marker sequences against TSA (Transcriptome Shotgun Assembly) data- 114 
bases of Allium cepa in order to find the full transcript sequences. To identify exon-exon 115 
junctions in transcript and exon-intron boundaries in the genome sequence the draft ge- 116 
nome assembly of A. cepa was used (the draft genome assembly of A. cepa received from 117 
Dr Shigyo). The repetitive DNA sequences within designed probe DNA and subsequently 118 
cloned and sequenced genomic DNA amplicons can be located precisely in draft and com- 119 
plete genomic sequence contigs by computational methods (Figure 1). To detect fragments 120 
of probe that has identity to repeats and transposable elements (TE) target sequence was 121 
annotated using CENSOR [28]. Information about coordinates and lengths of introns and 122 
fragments of repeats and TEs were used to design primers and obtaining an exon-intron 123 
PCR-product (Table 1). The exon-intron PCR-products were cloned and sequenced. 124 

 125 

Figure 1. Pipeline in order to design an exon-intron probe for Tyr-FISH. 126 

Nick-translation is the most popular method to create a labeled probe for ISH so far 127 
[29]. The result of Nick-translation is a set of fragments of different lengths. The lengths 128 
distribution is an important factor for decreasing the background and increasing the probe 129 
access to target DNA. The normal range of Nick-translation fragments is from 200 bp to 130 
500 bp. Probes above this range usually results in high background and noisy signals due 131 
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to nonspecific sticking to the slide surface. Smaller probes will be hybridized at chromo- 132 
somes non-specifically and result in spotty background. On the Figure 2 are shown the 133 
results of the Nick-translation of plasmids containing genomic amplicons of Unigene572 134 
and Unigene5305 labelled with both biotin and digoxigenin after 90 minutes of reaction. 135 
All probes demonstrated a full fragmentation and proper fragments size distribution (Fig- 136 
ure 2). 137 

Table 1. Sequences of primers used to produce genomic amplicons for Tyr-FISH. 138 

 139 

Figure 2. The results of the Nick-translation of the plasmid DNA containing insert of the genomic 140 
amplicon in 1% agarose gel: M1 – DNA Ladder 1Kb; M2 – DNA Ladder 100bp+; lines 1-5 – 141 
Unigene572 (insert size is 3.2Kb): line 1 – the untreated plasmid DNA, line 2 – labelling with Dig- 142 
11-dUTP, line 3 – labelling with Biotin-16-dUTP; lines 4-6 - Unigene5305 (insert size is 1.7Kb): line 4 143 
-– the untreated plasmid DNA, line 5 - labelling with Dig-11-dUTP, line 6 - labelling with Biotin-16- 144 
dUTP. 145 

2.2 Chromosome preparation is a key step in successful Tyr-FISH 146 

Our many years of experience with the Tyr-FISH method have shown that one of the 147 
key steps in obtaining a reliable fluorescent signal is proper chromosome preparation. We 148 
examined how the method of preparing chromosome slides affects the frequency and sen- 149 
sitivity of signal detection using Tyr-FISH. We carried out a comparative analysis of two 150 
methods of plant chromosome preparation: (1) squashing and (2) dropping.  151 

In the squashing method, chromosomes are spread by squashing the plant material 152 
in 45% acetic acid between the slide and cover slip, freezing the material to the slide in 153 
liquid nitrogen, and then removing the cover slip (see Materials and Methods).  154 

For dropping method, we used “SteamDrop” method that we early developed [30]. 155 
The method is based on obtaining a cell suspension from meristematic tissue, dropping 156 

Probe name Direction 
Primer sequence (5`to 3`) Size 

   

Unigene572 
F  AGTGGTGCAGTTCTTCAGCA 

3.2Kb 
R  AACCGATTGGCAGGGAAGTT  

Unigene5305 
F  TGTTTCACAAACGCTTCGTCC 

1.7Kb  
 

R  TGTCGCCACCACTCATTCAA  
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on the slide and using steam for better chromosome spreading. We minimized the wash- 157 
ing steps to reduce the chromosome damage and cell loss. For dropping we use cell sus- 158 
pension in 96% ethanol. Then we add ethanol-acetic acid fixative directly to the slide. In 159 
this case, the ratio of ethanol and acetic acid in the fixative is selected depending on the 160 
chromosome spreading and the amount of the cytoplasm in the first preparation from a 161 
sample of cell suspension. This allows customization of the degree of chromosome spread- 162 
ing and the amount and transparency of the cytoplasm around chromosome. Moreover, 163 
long-term storage of the cell suspension in 96% ethanol does not affect the quality of the 164 
chromosome preparations.  165 

We have implemented differential interference contrast (DIC) microscopy for the 166 
analysis of chromosome preparations. The technique was developed by Polish and natu- 167 
ralized-French physicist Georges Nomarski in 1952 [31]. The DIC microscopy allows to 168 
determine the optical density of the object under study on the basis of the principle of 169 
interference and thus see the details inaccessible to the eye. DIC creates a volumetric relief 170 
image corresponding to the change in the optical density of the sample, accentuating the 171 
lines and borders. 172 

DIC microscopy revealed differences in the structure of chromosomes depending on 173 
the method of the slide preparations. The dropped chromosome slides showed more pro- 174 
nounced relief structure with clear edge contours of chromosomes (Figure 3a) while the 175 
squashed chromosome slides were flatter and denser (Figure 3b). We can assume that the 176 
target DNA of the chromosomes prepared by “SteamDrop” method is more preserved 177 
and accessible for the unique DNA probe than the chromosomes prepared by squashed 178 
method.  179 

 180 

Figure 3. Differential interference contrast (DIC) microscopy of mitotic metaphase chromosomes of Allium cepa: (a) 181 
“SteamDrop” method of chromosome slide preparation; (b) Squashed method of chromosome slide preparation. Scale bar 182 
– 10 µm. 183 

2.3 Quenching endogenous peroxidase and horseradish peroxidase (HRP) 184 

Tyr-FISH method is based on the use of enzyme HRP which catalyzes the deposition 185 
of many molecules of a fluorophore-labelled tyramide adjacent to the immobilized HRP 186 
(Figure 4). 187 
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 188 

Figure 4. Principle of signal detection on physical chromosomes using horseradish peroxidase (HRP) and fluorophore- 189 
labeled tyramides. 190 

The principle of labelled tyramide deposition is via free radical formation, and reac- 191 
tion with electron-rich moieties such as tyrosine, tryptophane, etc. [32]. HRP, in the pres- 192 
ence of low concentrations of H2O2, converts tyramides into an oxidized form with highly 193 
reactive free radical [33]. These activated tyramides then covalently bind to tyrosine or 194 
other nuclear and cytoplasmic protein residues on the slide in close proximity to the HRP, 195 
thus depositing many of the labeled tyramides. (Figure 5). 196 

 197 

Figure 5. Horseradish peroxidase is a hydrogen peroxide (H2O2) decomposing enzyme concomitant with the oxidation of 198 
phenolic substrate (tyramide) and reaction with electron-rich moieties of proteins of nuclear and cytoplasmic matrixes. 199 

We used two probes, namely, Unigene572 and Unigene5305 genomic amplicon 200 
clones, which were labeled by haptens: biotin and digoxigenin. Haptens are small, rela- 201 
tively inert organic molecules that can be attached to DNA without disrupting the DNA's 202 
hybridization properties. Labelled Unigene572 and Unigene5305 probes were added to- 203 
gether into one hybridization mixture and left overnight to hybridize with the comple- 204 
mentary DNA sequences of chromosomes. In the common FISH, the probe detection is 205 
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carried out simultaneously with fluorescently labeled reporter molecules such as avidin 206 
(streptavidin) for biotin and anti-digoxigenin antibody. In contrast to FISH method, in 207 
Tyr-FISH it is impossible to carry out simultaneous detection of two probes, since in both 208 
cases the same enzyme HRP is used: streptavidin-HRP and anti-digoxihenin-HRP. In Tyr- 209 
FISH method, the detection of probes is carried out sequentially. Once HRP is introduced, 210 
the Fluorophore-Tyramide should be added to identify the first probe, for instance, Biotin 211 
labeled probe detected by Streptavidin-HRP and visualized by deposition of tyramide- 212 
Cy3. Quenching HRP of the first layer of detection must be performed prior to detection 213 
of the next probe: anti-DIG-HRP followed by tyramide-FITC deposition. 214 

For quenching HRP we used hydrogen peroxide (H2O2). In the active catalytic site of 215 
HRP, namely the ferric heme domain, heterologous cleavage of H2O2 occurs [34]. How- 216 
ever, with a large excess of H2O2, iron in the HRP domain is oxidized to the state of ferrous 217 
iron, as a result of which the activity of the enzyme is quenched [35]. In order to estimate 218 
the activity of H2O2 in quenching HRP, we used 0.3% and 3% H2O2 in PBS on “SteamDrop” 219 
slides. At a lower concentration (0.3% for 30 minutes), enzyme activity was not inhibited 220 
because a hybridization site for the biotin-labeled Unigene572 probe was found along 221 
with digoxigenin-labeled Unigene5305 after the second round of detection with anti-DIG- 222 
HRP + tyramide-FITC on the filter FITC (Figure 6c). Slide treatment with 3% H2O2 for the 223 
same incubation time 30 minutes resulted in complete quenching of peroxidase activity 224 
(Figure 7). 225 

 226 

Figure 6. Evaluation of quenching of horseradish peroxidase (HRP) in dual-color sequential Tyr-FISH “SteamDrop” slide. 227 
Quenching with 0.3% H2O2 for 30 min.: (a) visualization of two probes - merged image; (b) visualization of Unigene572 228 
detected with tyramide-Cy3 using Cy3-filter (red); (c) visualization of Unigene5305 detected with Tyr-FITC using FITC- 229 
filter (green), arrows indicate signals arising from Unigene572 because HRP activity after the first detection step was not 230 
quenched. 231 

Tyr-FISH supper-sensitivity demand that undesirable background be effectively 232 
quenched. Peroxidases are ubiquitous in nature being found in bacteria, fungi, algae, 233 
plants and animals. The plant peroxidases, belonging to Class III peroxidase, are involved 234 
in various vital processes of plant [35]. To quench endogenous peroxidase, we used 0.3% 235 
H2O2 for 30 minutes. Then slides were pretreated with 4% paraformaldehyde for 10 min 236 
and dehydrated with 70%, 90% and 100% ethanol. After washing in TNT buffer, the tyra- 237 
mides were added to the slides for 15 min. To test the presence of endogenous peroxidase 238 
activity the chromosome preparations were incubated with both tyramide-FITC and Tyra- 239 
mide-Cy3 at a 1:50 dilution. The chromosome preparations were stained with DAPI and 240 
analyzed with epifluorescence microscope AxioImager M2, Zeiss. Microscopic analysis of 241 
chromosomal preparations treated with 0.3% H2O2 and in the control variant (non-treated 242 
with H2O2 slides) did not reveal fluorescent signals in both variants. Based on the results 243 
of this experiment, we removed the quenching of endogenous peroxidase from the proto- 244 
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col. Although the presence of endogenous peroxidase in other plant species is not ex- 245 
cluded. Therefore, we recommend that such a test for endogenous peroxidase be carried 246 
out before starting work with other plants. 247 

2.4 A dual-color Tyr-FISH visualization of markers 248 
We performed the dual-color sequential Tyr-FISH on “SteamDrop” and squashed 249 

chromosome preparations. The Unigene572 genomic amplicon (3.2Kb) was labeled with 250 
biotin-16-dUTP and detected with tyramide-Cy3 (red fluorescence) and Unigene5305 ge- 251 
nomic amplicon (1.7Kb) was labeled with digoxigenin-11-dUTP and detected with tyra- 252 
mide-FITC (green fluorescence).  253 

The dual-color Tyr-FISH revealed twin-signals arising from two sister chromatids on 254 
the long arm of chromosome 2 probing with Unigene5305 and on the short arm of the 255 
chromosome 2 probing with Unigene572 (Figure 7). On “SteamDrop” slide preparations 256 
the frequency of Unigene572 detection was 77.4%, and Unigene5305 was 51.6% (Table 2). 257 
In contrast on squashed chromosome preparations the frequency of Unigene572 detection 258 
was 35.3% and Unigene5305 was only 14.7%. Moreover, the frequency of signal detection 259 
on the chromosomes of both homologs within the same metaphase on “SteamDrop” prep- 260 
arations was 41.9% for Unigene572 and 12.9% for Unigene5305. For comparison, on 261 
squashed preparations, the signal on both homologous chromosomes was detected only 262 
in 2.9% of metaphases for Unigene572, and for Unigene5305, no such metaphase was 263 
found at all. 264 

Table 2. Influence of the method of chromosome slide preparation on the frequency of signal detection 265 

 266 

 267 

Method Probe 

Number of an-
alyzed meta-

phases 

Number of metaphases with signal Signal detection frequency, % 

total 

on one 

homolog 

 

on both homo-
logues 

total meta-
phases with 

signal 

on one 

homolog 

 

on both homo-
logues 

Squashed 

Unigene572 
(3.2Kb) 

34 

12 11 1 35.3 32.4 2.9 

Unigene5305 
(1.7Kb) 

5 5 0 14.7 14.7 0.0 

SteamDrop 

Unigene572 
(3.2Kb) 

 
48 22 26 77.4 35.5 41.9 

62 
Unigene5305 

(1.7Kb) 
32 24 8 51.6 38.7 12.9  
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 268 

Figure 7. Dual-color Tyr-FISH on mitotic metaphase chromosomes of Allium cepa probing with Unigene572 (red) and 269 
Unigene5305 (green): (a) “SteamDrop” chromosome preparation; (b) squashed chromosome preparation; (c) extracted 270 
chromosome 2 from metaphases of “SteamDrop” chromosome preparations; (d) extracted chromosome 2 from meta- 271 
phases of squashed chromosome preparation. 272 

We also analyzed the frequency of detecting signals from two probes together per 273 
metaphase (Figure 8). On “SteamDrop” preparations, signals arising from two probes on 274 
the chromosomes of both homologs within the same metaphase were detected in 12.9% of 275 
metaphases and in the case of squashed chromosome preparations, such metaphases were 276 
not found. Metaphases with signals from both probes on one homologous chromosome 277 
accounted for 36.1% (combined variants 1 and 2, Figure 8) for “SteamDrop” preparations 278 
and 8.8% for squashed preparations. 279 

Taking all together, dual-color Tyr-FISH allowed a reliable visualization of two am- 280 
plicons of unique genes with high detection frequency on dropped chromosome slides. 281 
Visualization of two probes on the same chromosome was on almost every second ana- 282 
lyzed metaphase (49.1%, combined variants 1, 2 and 3 for “SteamDrop”, Figure 8). The 283 
frequency of signal detection depended on the method of preparing chromosome slides. 284 

 285 
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 286 

Figure 8. Scheme of variants of a signal detection on a pair of homologous chromosomes 2 using chromosome preparations 287 
obtained by “SteamDrop” and squashed methods. 288 

2.5. The integration of recombination and cytogenetic maps 289 

We aligned the chromosomal positions of Unigene 572 and Unigene 5305 with their 290 
position on genetic map [27]. Using the DRAWID program [36] the position of the Tyr- 291 
FISH signals arising from Unigene 572 on the short arm and Unigene 5305 on the long 292 
arm were measured. Only non-overlapping chromosomes 2 were used for measurement. 293 
The relative positions of hybridization sites on chromosome arm (RPHC) were calculated 294 
as the ratio of the distance between the site of hybridization and the centromere to the 295 
length of the chromosome arm. The position of signals on “SteamDrop” and squashed 296 
chromosome preparations were compared. The RPHC of Unigene572 on “SteamDrop” 297 
chromosomes was 60.63 ± 2.55 and on squashed chromosomes 57.61 ± 3.19. The RPHC of 298 
Unigene 5305 on “SteamDrop” chromosomes was 52.32 ± 1.46 and on squashed chromo- 299 
somes 50.92 ± 5.57. Thus, the relative position of the markers on the chromosomes remains 300 
unchanged in the preparations obtained by the “SteamDrop” method and the common 301 
squashed method. Our observation agrees with results obtained by Wang et al. [37] on 302 
maize chromosomes. The authors reported that squashed chromosome preparation pro- 303 
duces longer chromosomes than that observed in 3-D fixed cells, but relative positions of 304 
genes on chromosomes prepared by different methods remain the same.  305 

The genetic positions of the markers were anchored with their position on the chro- 306 
mosome 2. The physical position of the markers was expressed as a percentage of frac- 307 
tional length (FL) from the end of short arm of chromosome 2 and corresponded with their 308 
position on genetic map (Figure 9). 309 
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 310 
 311 

Figure 9. Alignment of the genetic and cytogenetic maps of onion chromosome 2. The genetic map 312 
(left figure) described by Fujito et al. [27]. Distances in centimorgans are shown on the right of linkage 313 
group. The physical positions (right figure) of two mapped markers are expressed as percentage of 314 
the fractional length (distance from the end of the short arm to the signals divided by the length of 315 
the entire chromosome). Corresponding positions on the genetic map are indicated with lines. 316 

3.Discussion 317 

The dual-color Tyr-FISH visualization of two short DNA sequences on a single indi- 318 
vidual chromosome has a number of advantages: (1) more accurate determination of the 319 
physical distance between markers due to the simultaneous detection of two markers on 320 
the same chromosome; (2) short procedure of mapping; (3) high detection frequency (4) 321 
coverage of regions with suppression of recombination; (5) the mapped sequences are lo- 322 
cated in the context of major chromosomal landmarks, e.g. centromeres, telomeres, heter- 323 
ochromatin. 324 

Method of chromosome preparation strongly influences on signal detection with tyramide- 325 
fluorophore  326 

Trying to figure out why the sensitivity of Tyr-FISH method is significantly reduced 327 
on chromosomes prepared by squashed method compared to “SteamDrop” we analyzed 328 
key difference between these two methods. Squashed method based on squashing a cell- 329 
wall digested root tips on a drop of 45% acetic acid, but in “SteamDrop” method, the en- 330 
zyme digested cell suspension is dropped onto slide in a fixative containing ethanol and 331 
acetic acid in a 3:1 ratio. Considering that the deposition of tyramides occurs via free rad- 332 
ical formation and reaction with electron-rich moieties of protein residues of nucleus and 333 
cytoplasm, we may suggest that in the variant of “SteamDrop” method, the ability of these 334 
electron-rich moieties to form covalent bonds with tyramides is much higher than in the 335 
variant of squashed method. Side chains of electron-rich aromatic amino acids are hydro- 336 
phobic and they behave differently in water and ethanol solutions: in water solutions the 337 
hydrophobic amino acids become buried inside the protein whereas the hydrophobic con- 338 
ditions of the ethanol solution are triggering proteins to unfold [38] and transition from 339 
compact to extended state. As a result, hydrophobic amino acids forming the "core" of 340 
protein become more surfaced [39]. Slide pretreatment with paraformaldehyde, which 341 
causes covalent crosslinks between molecules, effectively gluing them together into an 342 
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insoluble meshwork [40], preserves this structure of proteins for subsequent Tyr-FISH de- 343 
tection. Hydrophobic conditions creating by ethanol in “SteamDrop” method make side 344 
chains of electron-rich amino acids in proteins more easily accessible for the deposition of 345 
tyramides compared to squashed method. This may explain difference in detection fre- 346 
quency of Tyr-FISH probe on slides obtained by dropped and squashed methods. More- 347 
over, the higher availability of labeled probe DNA for annealing with short target DNA 348 
on dropped chromosomes compared to squashed chromosomes also contributes to the 349 
high signal detection rate on “SteamDrop” slides. Low chromatin accessibility may result 350 
in weak or no Tyr-FISH signals. The chromatin accessibility depends on chromosome 351 
compaction, presence of a layer of cytoplasm covering chromosomes as well as on chro- 352 
matin damage during the preparation of chromosome slides. These parameters may cause 353 
low frequency of probe hybridization and the signal-to-noise ratio. To increase the chro- 354 
matin accessibility less compact pachytene chromosomes [41], interphase nuclei [42] and 355 
DNA fiber [26] were used. Fiber-FISH and FISH on interphase nuclei provide superior 356 
accessibility but do not allow to assign signals to specific chromosomes. We assessed how 357 
the method of slide preparation can affect the structure of chromatin in terms of its acces- 358 
sibility. DIC microscopy clearly showed that the chromosomes prepared by “SteamDrop” 359 
method retain their three-dimensional structure providing better sample accessibility 360 
compared to the squashed chromosomes, which are denser and may have chromatin dam- 361 
age. 362 

Most studies on tyr-FISH visualization of short single DNA sequences have been 363 
done on animal or human chromosomes [43-48]. Typically, slides of human and animal 364 
chromosomes are prepared by dropping a cell suspension in a fixative containing metha- 365 
nol (or ethanol) and acetic acid in a 3:1 ratio. In contrast, common method for plant chro- 366 
mosome preparation is the squashed method. Perhaps this explains the failure of using 367 
the Tyr-FISH method on plant chromosomes. 368 

A dual-color tyr-FISH for integration of recombination and cytogenetic maps and genome 369 
assembly 370 

We applied the dual-color Tyr-FISH method to visualize a short target DNA se- 371 
quence on high compacted onion chromosomes (250 Mb µm-1, [21]). Study in details of 372 
each step of the protocol allowed us to optimize the protocol and to propose the reliable 373 
and shortened runtime method. Slide pre-treatment is shortened and includes only para- 374 
formaldehyde crosslinking to preserve chromatin structure and dehydration in ascending 375 
concentrations of ethanol. The pipeline of the exon-intron probe design using database 376 
and bioinformatics tools was developed. The method allowed to detect the transcript 377 
marker (1.7Kb) on physical chromosomes in 51.6% of analyzed metaphases. However, 378 
high sensitivity of the method based on the deposition of many fluorescent molecules lim- 379 
its the resolution of the method on compacted plant chromosome. To resolve the colocal- 380 
ized Tyr-FISH probes on mitotic metaphase chromosomes, pachytene chromosomes [49] 381 
and even extended pachytene chromosomes [50] can be used. 382 

 Despite tremendous progress in genome sequencing, the assembly of the plant ge- 383 
nome at the chromosome level is still a challenge. According to the NCBI data, about 200 384 
edible plant genomes were assembled at the chromosome level [51]. There are 6000 plant 385 
taxa that are considered crops by various cultures [52]. This means that the vast number 386 
of crop genomes that support the world's plant-based food production still remain unas- 387 
sembled and not even sequenced. 388 

A good genome assembly does not only rely on assembly of contigs into scaffolds 389 
but also the placement and contiguity of scaffolds on chromosomes to form the physical 390 
map. For instance, Allium cepa genome assembly (GCA_905187595.1) has total length 391 
~15Gbp which is close to the total genome size of A. cepa (~16Gbp) but only portion are 392 
placed into placed sequences. Vast majority (~12.7Gpb) of assembly is in unplaced scaf- 393 
folds. In our previous study we physically mapped marker ACM082 from the genetic map 394 
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of A. cepa on chromosome 4 [11]. This marker is not presented in placed sequences of as- 395 
sembly. Alignment the sequence of this marker against unplaced scaffolds of A. cepa as- 396 
sembly showed its presence in one of the unplaced scaffolds. This unplaced scaffold has 397 
length ~677Kb and can be used to improve assembly. 398 

 Therefore, a reproducible method for visualizing short DNA sequences can serve as 399 
a convenient tool for validation bioinformatics genome assembly using cytogenetic an- 400 
chor points that provide reliable support for the integration of sequence data. Fifteen years 401 
ago, J. Jiang and B. Gill prophetically wrote: “In the foreseeable future, whole-genome 402 
sequencing will no longer be a hurdle for any plant species. However, this does not spell 403 
the end of FISH as a physical mapping tool” [26]. 404 

4. Materials and methods 405 

4.1 Plant materials 406 
Allium cepa. L., var. ‘Haltsedon’ (2n = 2x = 16) were grown in pots in a greenhouse 407 

under controlled conditions: 14-h photoperiod (REFLUX lamp 400 watts; light intensity: 408 
8000 lx) at a temperature of 22 °C.  409 

4.2 Chromosome preparations 410 

In order to arrest the chromosomes at metaphase stage young roots were submerged 411 
in a saturated aqueous solution of α-bromonaphthalene (1:1000, v/v) overnight at 4°C. The 412 
root tips were fixed in freshly-prepared 3:1 (v/v) ethanol:acetic acid mixture for 1h at RT 413 
and stored at -20°C.  414 

“SteamDrop” method 415 
Chromosome preparations were made according to the “SteamDrop” protocol [30]. 416 

The fixed roots were washed in water for 30 minutes following by washing in citrate 417 
buffer (10 mM sodium citrate, 10mM citric acid) pH 4.8 for 5 min. Dissected meristems (1– 418 
5 meristems) were transferred to 0.5 ml tubes with 20–30 µl of 0.1% enzyme mixture (1: 1: 419 
1) pectolyase Y-23 (Kikkoman, Tokyo, Japan), Cellulase Onozuka R-10 (Yakult Co. Ltd., 420 
Tokyo, Japan) and Cytohelicase (Sigma-Aldish Co.LLC, France) for 120 min at 37° C. After 421 
proper digestion of cell wall in enzyme mixture (see video [55]) the tube was plugged into 422 
ice. 600 µL of ice-cold TE were added and gently mixed to wash the root sections, centri- 423 
fuged at 6,000 rpm for 45 sec. A supernatant was removed and 600 µl of 96% ethanol was 424 
added and mix. Cell suspension can be stored at −20°C for at least 6 months or slide prep- 425 
aration can be continued immediately. The cell suspension was centrifuged at 6,000 rpm 426 
for 30 sec. The supernatant was discarded by inverting the tube. The pellet was suspended 427 
in 20–100 µL of 96% ethanol, depending on cell concentration. 4 µl of cell suspension was 428 
dropped onto a slide and when the surface became granule-like and the layer of fixative 429 
became thin (10-15 sec) 30 µL of ethanol:acetic acid fixative (3:1) was added. When the 430 
surface became granule-like (25-35 sec) the slides were putted upside down under the 431 
steam from a water bath at 55°C (10–15 cm from water surface of the water bath) for 3–5 432 
sec. Then 30 µL of ethanol:acetic acid fixative (1:1) with higher proportion of acetic acid 433 
was dropped on the slide, after the surface becomes granule-like (25–35 sec) the slides 434 
were putted upside down under the steam for 1 sec. only and immediately were dried 435 
with air flow (e.g. a tabletop fan). 436 

Squash method 437 
Mitotic metaphase chromosomes were prepared from young root tips. The fixed 438 

roots were washed in water for 30 minutes following by washing in 10 mM citrate buffer 439 
(pH 4.8) for 5 min. The roots were transferred to Petri dish (diameter 35mm) containing 440 
0.5 ml of 0.1% enzyme mixture (see above) and incubated for 75 min at 37 °C. The macer- 441 
ated root tips were spread by being dissected and squashed in a drop of 45% acetic acid. 442 
The permanent slides were prepared using liquid nitrogen. After removing the cover slip 443 
with a razor blade the slides were rinsed briefly in 98% ethanol and air-dried at least for 444 
one hour. 445 
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 446 
4.3 Probe preparation 447 

Primers for probe preparation (Table 1) was design to obtain an exon-intron PCR- 448 
product. 25 µL of PCR mixture contained 2.5 uL of 10x Taq Turbo buffer (Evrogen, 25 mM 449 
MgCl2, pH=8.6), 0.2 mM of each dNTP, 0.2 mM of each primer, 2.5U of Taq DNA poly- 450 
merase (Evrogen) and 100 ng of genomic DNA of Allium cepa L. var. Haltsedon. Ampli- 451 
fication was performed using following PCR program: 5 minutes of initial denaturation 452 
at 95 °C, 35 cycles of 95 °C – 30 seconds, 60 °C – 30 seconds, 72 °C – 150 seconds and 5 453 
minutes of final elongation at 72 °C. PCR-product was checked using electrophoresis in 454 
1% agarose gel (0.5x TBE, 5 V/cm). PCR-product was precipitated using ethanol and 3M 455 
potassium acetate accordingly to Wallace et al. [56] with modifications. 20 µL of PCR- 456 
product was mixed with 2 µL of 3M potassium acetate and 66 µL (3 volumes) of 96% 457 
ethanol (-20 °C), mixed using vortex and incubated 1 hour at -20 °C. After that mixture 458 
was centrifuged in benchtop centrifuge (14000 rpm, 30 minutes, RT). Supernatant was 459 
carefully discarded, replaced with 1 mL of 70% ethanol (-20 °C), mixed and centrifuged 460 
(14000 rpm, 10 minutes, RT). Supernatant was gently removed, pellet was air-dried and 461 
resuspended in 10 µL of ddH2O. Concentration of precipitated PCR-product was meas- 462 
ured using NanoDrop ND-1000 (Thermo Fisher Scientific). AT-cloning of PCR-product 463 
was performed into pAL2-T vector (Evrogen) and inoculated into E. coli strain XL1-Blue 464 
(Evrogen) using electroporation accordingly to a manufacturer protocol. 10-times excess 465 
of PCR-product (insert) to vector was used in ligation reaction. Blue-white screening was 466 
used to select colonies containing plasmid with an insert of interest. Selected colonies were 467 
screened using PCR with insert-specific primers and inoculated into 5 mL of LB medium 468 
(10 g/L Tryptone, 5 g/L Yeast extract, 5 g/L NaCl) for overnight culture and following up 469 
plasmid DNA isolation. Plasmid DNA was isolated using GeneJET Plasmid Miniprep Kit 470 
(Thermo Fisher Scientific) accordingly to a manufacturer protocol. Concentration of iso- 471 
lated plasmid DNA was measured using NanoDrop ND-1000 (Thermo Fisher Scientific). 472 
1 uL of isolated plasmid DNA was checked using electrophoresis in 1% agarose gel (0.5x 473 
TBE, 5 V/cm). 5`-end and 3`-end of insert was Sanger sequenced using standard M13 pri- 474 
mer set. Plasmid DNA was labeled with digoxigenin-11-dUTP or biotin-16-dUTP using 475 
DIG or Biotin-Nick Translation Mix respectively (Roche, Mannheim, Germany). Determi- 476 
nation of fragment length of labeled probe was checked using electrophoresis accordingly 477 
to a manufacturer protocol.  478 

4.4 Dual-color sequential Tyr-FISH 479 

Protocol of Dual-color sequential Tyr-FISH 480 
 Pre-treatment 481 

1. Incubate the slides in 4% paraformaldehyde at RT for 10 min (USE THE FUME 482 
HOOD!). 483 

2. Wash slides in 2xSSC at RT three times for 5 min. 484 
3. Dehydrated slides for 2 min each 70%, 90% and 100% ethanol and air-dry. 485 

 486 
Hybridization 487 

4. Prepare the hybridization mixtures (40 µl per slide) * 488 
 20 µl formamide 489 
 8 µl 50% dextransulphate 490 
 4 µl 20x SSC 491 
 1 µl 10% SDS 492 
 x µl probe DNA (50 ng/slide) 493 
 z µl probe DNA (50 ng/slide) 494 
 y µl water 495 

 496 
5. Denature hybridization mix at 75°C for 5 min and directly plunge into ice for 3 497 

minutes. 498 
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6. Add the appropriate hybridization mix to each slide and cover with 24x25 coverslip. 499 
7. Denature the slides at 75°C for 5 minutes.  500 
8. Place the slides in prewarmed humid chamber and incubate overnight at 37°C. 501 

 502 
Stringency washing 503 
Stringent of washing – 82% 504 

9. Wash slides in 2xSSC at 42°C twice for 5 min (with agitation). 505 
10. Wash slides in 0.1x SSC at 55°C twice for 7 min (without agitation). 506 
11. Wash slides in 2xSSC at 42°C for 3 min (with agitation). 507 
12. Take Coplin jar out of water bath and leave to cool to RT for 20-25 minutes. 508 
13. Wash slides in 4x SSC at RT for 3 minutes. 509 
14. Wash slides in 2xSSC at RT for 2 minutes (with agitation). 510 

 511 
Detection 512 

15. Washing slides in fresh TNT (0.1 M Tris-HCl, 0.15 M NaCl, pH 7.5, 0.05% Tween 20) 513 
buffer at RT for 5 min with agitation. 514 

16. Block slides with 100 µl TNB buffer (1% Blocking reagent in TN buffer) and place a 515 
coverslip (25x50 mm) to reduce evaporation. Incubate the slides in a humid chamber 516 
at RT for 15 minutes. 517 

17. Drain off TNB buffer. Add 100 µl of STREPTAVIDIN-HRP (PerkinElmer, USA) (1:500 518 
diluted in TNB) to each slide and place a coverslip (25x50 mm) on top to reduce evap- 519 
oration. Incubate the slides in a humid chamber at RT for 40 min. 520 

18. Wash slides three times in fresh TNT at RT with agitation for 5 min. 521 
19. Pipet 200 µL of the TSA PLUS Cy3 Reagent (Akoya Biosciences) (1:50 in 10% dex- 522 

transulphate in 1x Amplification) onto each slide. Incubate the slides at RT for 3 to 10 523 
min**. (per one slide: 4 µL stock Tyramide-CY3+ 40 µL 50% dextransulphate + 156 524 
µL 1xAmplification Diluent). 525 

20. Wash slides three times in fresh TNT at RT with agitation for 5 min. 526 
21. Deactivate the remaining HRP activity by adding 100 µL 3% H2O2 in 1xTN (0.1 M 527 

Tris-HCl, pH 7.5, 0.15 M NaCl) for 30 minutes. 528 
22. Wash the slides three times for 5 min each in TNT at RT with agitation. 529 
23. Block slides with 100 µL 1% TNB buffer and place a coverslip (25x50 mm) to reduce 530 

evaporation. Incubate the slides in a humid chamber at RT for 15 minutes. 531 
24. Drain off 1% TNB buffer. Add 100 µL of ANTI-DIGOXIGENIN HRP (Akoya Biosci- 532 

ences) (1:500 diluted in 1% TNB) to each slide and place a coverslip (25x50 mm) on 533 
top to reduce evaporation. Incubate the slides in a humid chamber at RT for 40 min. 534 

25. Wash slides three times in fresh TNT at RT with agitation for 5 min. 535 
26. Pipet 200 µLof the TSA PLUS Fluorescein Reagent (Akoya Biosciences) (1:50 in 10% 536 

dextransulphate in 1x Amplification) onto each slide. Incubate the slides at RT for 3 537 
to 10 min. (per one slide: 4 µL stock Tyramide-FITC+ 40 µL 50% dextransulphate + 538 
156 µL 1xAmplification Diluent). 539 

27. Wash slides three times in fresh TNT at RT with agitation for 5 min. 540 
28. Counterstaining 541 
29. Wash slides in 2xSSC at RT three times for 5 min. 542 
30. Dehydrated slides for 2 min each 70%, 90% and 100% ethanol and air-dry in dark 543 

place. 544 
31. Prepare freshly 1:20 dilution of DAPI in Vectashield. Add 20 µL per slide. Apply a 545 

24x50 mm coverslip. 546 
 547 
Note 548 
* - mix all components of the hybridization mixture without adding DNA probes. 549 

Mix well by vortex to homogeneous mixture. Add probes in homogeneous mixture and 550 
mix briefly on vortex and centrifuge.  551 
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** - incubation time with tyramides depends on target size. For 13.3Kb target site 552 
enough 3 minutes [21]. For 2-3Kb target site enough 7 - 10 minutes (in this paper). If the 553 
incubation times was longer it will look like strong band instead of two spots on both 554 
sister chromatids. 555 

 556 

4.5. Microscopy 557 

For differential interference contrast (DIC) microscopy air-dried chromosome prep- 558 
arations obtained by both “SteamDrop” and squashed methods were directly examined 559 
under the Imager.D1 microscope, (http://www.zeiss.com), using an immersion objective 560 
x100 equipped with DIC. 561 

For fluorescent microscopy slides were examined under a Zeiss AxioImager M2 mi- 562 
croscope (http://www.zeiss.com). The selected images were captured using a digital Ha- 563 
mamatsu camera C13440-20CU (http://www.hamamatsu.com). Image processing and 564 
thresholding were performed by Zen 2.6 (blue edition) image analysis software. The cap- 565 
tured images of the chromosomes and position of Tyr-FISH signals were measured using 566 
the program DRAWID [36]. Only non-overlapping chromosomes were used for the meas- 567 
urement of the positions of Tyr-FISH signals. The relative position of hybridization sites 568 
on chromosomes (RPHC) was calculated as the ratio of the distance between the site of 569 
hybridization and the centromere to the length of the chromosome arm. Karyotype anal- 570 
ysis were performed according to the standard onion nomenclature system proposed by 571 
Kalkman [57] and confirmed by the Fouth Eucarpia Allium Symposium [58]. 572 
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