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Abstract: Papaya is a globally important crop, with production primarily based on hermaphrodite
plants. Papaya has three sex types—male, female, and hermaphrodite—determined by flower
morphology, but this is only distinguishable at the flowering stage. In this study, a recombinase
polymerase amplification (RPA) assay was developed and optimized to identify the three sexes of
papaya. Recombinant uvsX, uvsY, gp32, and Bsu DNA polymerase were used to study the effects
of temperature, reaction time, and sensitivity conditions for RPA reaction efficiency. The optimal
conditions were found to be 41 °C and a 30 min reaction time, allowing the detection of the target sex
from specific DNA markers, even when using crude extract. This study shows that RPA could be used
for sex determination in papaya, and the findings could contribute to developing a point-of-need
strategy due to their sensitivity and specificity.

Keywords: recombinase polymerase amplification; Carica papaya L.; isothermal amplification; molecular
sexing; hermaphrodite

1. Introduction

Sex identification in papaya has been a common practice among growers since this
plant can produce male, female, or hermaphrodite flowers almost four months after plant-
ing. However, molecular sex determination at the vegetative stage has been reported using
molecular markers to save time and resources using PCR-based techniques [1-5]. These
approaches limit applicability in the field as point-of-need strategies, e.g., in greenhouses;
instead, isothermal amplification techniques have been used for such purposes. Isothermal
methods are widely used to amplify nucleic acids with the premise of not performing
denaturation steps, thus eliminating the need for thermocyclers. Some of these methods
include loop-mediated isothermal amplification (LAMP) [6], nucleic acid sequence-based
amplification (NASBA) [7], strand displacement amplification (SDA) [8], rolling circle am-
plification (RCA) [9], recombinase polymerase amplification (RPA) [10], and so on. Among
these methods, LAMP and, recently, RPA have been the most widely used for clinical
and plant diagnosis of bacteria, fungi, and viruses, including the SARS-CoV-2 virus, even
coupled to lateral flow biosensors. These approaches have in common that they amplify
nucleic acids at a constant temperature (37 to 65 °C) and a time that can vary according to
the technique, from 20 min to 1 h [11-17].

Recombinase polymerase amplification, or RPA, was developed in 2006 by Piepenburg
and colleagues [10] as a promising isothermal technique for nucleic acid amplification. This
technology requires a set of enzymes based on the T4 bacteriophage and other components.
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The reaction starts with the recombinase uvsX, which binds to DNA primer (single-stranded
DNA) assisted by uvsY and, in the presence of ATP, forms a presynaptic filament (nucleo-
protein filament). The recombinase-uvsY-primers complex actively hydrolyzes ATP to ADP
as the driving force to search homologous sequences on the double-stranded DNA, and
once homology is found, the complex invades it, and a D-loop is formed. The unwounded
DNA strand is stabilized by aligned multimers of the single-stranded DNA-binding protein
(gp32). The disassembly of the complex allows strand-displacement DNA polymerase
access to the 3’-end of the two opposite primers to initiate primer extension and exponential
DNA amplification. Thus, the recombinase can bind with a new primer and initiate several
strand-displacement processes to enhance DNA amplification in minutes and at a constant
temperature (Figure 1).

PCr Creatine

ADP

CK ——
AR @ Nucleoprotein filament

3’ 57
5 3’

‘X D-loop X5 ’
fmm
5
@
Recombinase, uvsX
——
Loading factor, uvsY

Single-strand binding
Protein, gp32

w
3}

Oligonucleotide primers
Forward
Reverse

w
3}

P RS IE K2
[ )
H
H
]

DNA polymerase

Figure 1. Mode of action of recombinase polymerase amplification method.

To date, the RPA technology has been patented and is sold as kits by companies such
as TwistDx (Cambridge, UK), Agdia Inc. (Elkhart, IN, USA), and Intact Genomics (St.
Louis, MO, USA) for a wide range of applications for research use only. The user-friendly
nature of this technology has promoted its multiple applications in health, environment,
and food, mainly for the detection of pathogens, either point-of-care or point-of-need,
as it has demonstrated high sensitivity, specificity, and multiplexing. In this context,
RPA has been reported for the detection of plant pathogens in relevant crops such as
Phytophthora cactorum in strawberry [18], Clavibacter and Tomato yellow leaf curl virus (TYLCV)
in tomato [19,20], Cucumber mosaic virus in banana [21], and potato virus Y in potato [22].
On the other hand, RPA does not require pre-denaturation of the DNA sample and uses
only one pair of primers, as compared to other methods, where more than two pairs of
primers are needed [23]. Nevertheless, in some applications, it is not possible to optimize
certain reaction conditions due to the nature of the commercial kit. Hence, Yasukawa
and co-workers have optimized enzyme concentrations and buffer pH, defined optimal
reaction temperatures and times, and evaluated the activity of novel polymerases and other
additives for reaction efficiency for the detection of SARS-CoV-2, rice yellow mottle virus,
and ureaplasma parvum serovar 3 [24-29].

Papaya sex determination is a crucial agricultural challenge in the world, and molecu-
lar methods based on marker-assisted selection offer an advantage for time and resource
savings in the sexing of this important crop. In the absence of an all-hermaphrodite line,
traditional sexing is still a field-based strategy. On the other hand, isothermal methods
offer advantages for large-scale screening, as minimal equipment is needed for commercial
agriculture. Therefore, in the present work, we established an isothermal DNA amplifica-
tion system for papaya sex determination. For this purpose, we used purified recombinant
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enzymes uvsX, uvsY, gp32, and Bsu DNA polymerase. Reaction conditions were evaluated
for reaction efficiency using specific primers to detect female, hermaphrodite, and male
sexes. To our knowledge, this is the first report of a recombinase polymerase amplification
assay for sex identification in papaya. Our results indicate a valuable potential for use in
point-of-need strategies.

2. Materials and Methods
2.1. The T4 Enzymes uvsX, gp32, uvsY, and Bsu DNA Polymerase

Escherichia coli chemically competent cells were obtained using the calcium chloride
method [30] and transformed with the plasmid coding for T4 uvsX, uvsY, gp32 proteins,
and Bsu DNA polymerase in E. coli BL21(DE3). The construction of plasmids was re-
ported in work by Cérdoba-Andrade et al., Meneses et al., Baruch-Torres and Brieba, and
Peralta-Castro et al. [31-34]. The expression plasmids for each protein contain histidine
(His)6 tag at their N-terminal site. In addition, the pET28b vector was modified to add
a prescission protease (PPS) cleavage site instead of a thrombin site. The expression of
the enzymes was mainly based on the above-cited works, with light modifications, as
stated below. It consisted of 50 mL of Luria—Bertani (LB) broth overnight culture contain-
ing kanamycin (50 pg/mL) in 1 L of LB broth, in quadruplicate, incubated with shaking
at 37 °C up until reaching OD600 between 0.5 and 0.7 and induced with isopropyl-3-d-
thiogalactopyranoside (IPTG) at 0.5 mM at agitation of 180 rpm, 16 °C/16 h. In the case
of uvsX and gp32 enzymes, after centrifugation at 5000 rpm for 10 min with the Sorvall
RC-5B refrigerated superspeed centrifuge with the SLA 1500 rotor (Bunker Lake Blvd, MN,
USA), the cells were suspended in 30 mL of lysis buffer (50 mM Tris (pH 7.5), 500 mM NaCl,
1 mM EDTA, 50 mM (-mercaptoethanol, and 10% glycerol) and disrupted by sonication
and centrifuged at 13,000 rpm for 30 min at 4 °C (Beckman Coulter J2-MC centrifuge, JA-17
rotor, Bunker Lake Blvd, MN, USA). After, the supernatant was recovered, and 0.05% (v/v)
of polyethyleneimine (PEI) was added and centrifuged. Afterward, ammonium sulfate was
added to the supernatant at a final concentration of 60% saturation (w/v), centrifuged, and
dissolved in 30 mL of lysis buffer to load it in a 1 mL nickel Sepharose 6 FF column (HisTrap
FF, Cytiva). We washed the column with a 15, 20, and 25 mM imidazole gradient in 20 mL
of lysis buffer and then eluted the protein with 5 mL of 500 mM imidazole. Subsequently,
15 uL aliquots of each fraction were loaded onto a 12% SDS-PAGE gel for electrophoresis.
Imidazole 500 mM fraction was collected and dialyzed in lysis buffer at 4 °C overnight.
Subsequently, the sample was recovered in a 1.5 mL microtube, and ~75-100 ng/uL of PPS
was added to cleave the histidine tail (His-Tag) for 16 h at 4 °C and 900 rpm (Thermo-Shaker
BioSan TS-100, Ratsupites iela 7 k-2, Riga, Latvia, LV-1067). Finally, the sample was loaded
on a 1 mL heparin column (HiTrap Heparin HP, Cytiva) and eluted on the column using a
NaCl gradient of 50, 100, 150, 200-900, and 1500 mM in 5 mL of heparin buffer (50 mM Tris
(pH 7.5), 1 mM EDTA (pH 8.0), and 5 mM (-mercaptoethanol, 10% glycerol). The fractions
were verified in 12% SDS-PAGE. The active fractions were collected, concentrated with a
10-kDa Centricon (Amicon®, Merck Millipore, Burlington, MA, USA) at 3500 rpm for 25 min
at 4 °C (Sorvall ST 8R Centrifuge, Thermo Scientific, Waltham, MA, USA), and dialyzed in
20% glycerol-heparin buffer. For the uvsY enzyme, after IPTG induction and centrifuga-
tion, the cells were suspended in 30 mL of lysis buffer and disrupted by sonication. After
centrifugation, the supernatant was dissolved in 30 mL of lysis buffer for loading onto a
previously equilibrated nickel-sepharose 6 FF column. An imidazole gradient was applied
as previously, and the active fractions were collected. Next, the sample was concentrated
and dialyzed in storage buffer (50 mM Tris (pH 7.5), 200 mM NaCl, 0.2 mM EDTA (pH 8.0),
1 mM -mercaptoethanol, and 50% glycerol). The PreScission-Protease enzyme (PPS) was
prepared similarly to the uvsX method, with only the 500 mM imidazole fraction being
recovered for further use. In the case of Bacillus subtilis (Bsu) DNA polymerase enzyme, the
producing cells were recovered by centrifugation and suspended in 30 mL of phosphate
lysis buffer (50 mM NaH,PO;, (pH 8.0), 2 mM EDTA (pH 8.0), 10 mM (3-mercaptoethanol,
300 mM NaCl, and 5% glycerol), disrupted by sonication, and centrifuged. The supernatant



Appl. Biosci. 2024, 3

429

was loaded onto a previously equilibrated nickel-sepharose 6 FF column, treated, and
eluted with 5 mL to 500 mM of imidazole. The eluted fraction was concentrated with
a 50 kDa centricon (Amicon®, Millipore, Burlington, MA, USA) at 3500 rpm for 25 min
at 4 °C and diluted 1:5 with the same lysis buffer. Subsequently, the sample was loaded
onto a heparin column using a NaCl gradient from 50 to 100, 150, 200-900, and 1500 mM
in 5 mL of lysis buffer. Then, the fractions were visualized in 12% SDS-PAGE, and the
active fractions were concentrated. The sample was dialyzed in storage buffer (50 mM
NaH,POq4 (pH 8.0), 2 mM EDTA (pH 8.0), 10 mM (-mercaptoethanol, 300 mM KCIl, and
50% glycerol) overnight.

All proteins were stored at —20 °C after snap freezing using liquid nitrogen. Protein
quantification was carried out using the Bradford microassay (Bio-Rad, Hercules, CA, USA)
method at 595 nm by triplicate, using bovine serum albumin (BSA) as a standard (Sigma
Co., Burlington, MA, USA).

2.2. RPA Primer Design

Primers were designed manually and validated by OligoAnalyzer® Tool V1 (accessed
in 2023, Integrated DNA Technologies, Inc., Commercial Park Coralville, IA, USA), ac-
cording to Strayer-Sherer et al. [35] specification. For female, hermaphrodite, and male
sex identification, DNA markers CpTrnL (603 bp), W11 (832 bp), and PMSM2 (548 bp)
previously reported [36] were used to design the RPA primers (Table 1).

Table 1. RPA primers used in this study.

Sex to Identify =~ Primer Name Sequence (5'-3') Size of RPA Product C/OGC
ontent

Female rpaCpTinL-F GGGGATATGGCGAAATCGGTAGACGCTACGGA 150 bp 56
rpaCpTrnL-R TGTTTGTTCTCGTAAAACAGGATTTGGCTCAG 41
Hermaphrodite rpaW11-F TGGATCGTGCTCCTAGTGCTCATGGTGACACC 165 bp 56
rpaW11-R CTGATGCGTGTGTGGCTCTATCTATATGTGTG 47
Male rpaPMSM2-F GCGATGCTTCAAGTGTTGACATAAAGGCAGTT 150 bp 44
rpaPMSM2-R AATATCCCTCTAATACTCTCACCAAGGCATAC 41

2.3. Preparation of the DNA Used as Standard

Standard DNA was prepared as follows: the DNA fragments were amplified by
PCR according to specific primers (Table 1) from papaya leaf genomic DNA, previously
isolated [36], under the following conditions: 50 pL reaction volume containing 1X buffer,
2.5 mM MgCl,, 0.2 mM dNTPs, 1 uM of each primer, 100 ng of genomic DNA, and
0.625 units of Taq DNA Polymerase (5'Bio®, Cuernavaca, Mexico). The reaction begins with
an initial denaturation at 95 °C for 3 min, denaturation at 95 °C; 30 s, alignment at 55 °C;
30 s, extension at 72 °C; 1 min, and a final 72 °C extension for 10 min, for 35 cycles. The
amplicons were visualized with 2% agarose gel, and the DNA purification was carried out
using silica-gel membrane adsorption (Jena Bioscience, Lobstedter Str., Jena, Germany). The
concentration of each DNA was determined with a NanoDrop® 2000c spectrophotometer
(Thermo Fischer Scientific, Waltham, MA, USA) using the A260/ A280 ratio and stored at
—20 °C until subsequent use.

2.4. Setting the Conditions for the RPA Reaction

The RPA reaction of 20 pL. was carried out in a 0.2 mL PCR tube under the conditions
outlined by Juma et al. [26], with some modifications: 50 mM Tris-HCI buffer (pH 8.6),
40 mM CH3COOK, 6.0% PEG35000, 2 mM DTT, 650 uM of dNTPs, 1 uM of primer forward,
1 uM of primer reverse, 20 mM phosphocreatine (Sigma Co., Burlington, MA, USA),
120 ng/pL of creatine phosphokinase (Sigma Co., Burlington, MA, USA), 3.5 mM ATP
(Thermo Fischer Scientific, Waltham, MA, USA), 40 ng/uL of uvsY, 600 ng/uL of gp32,
200 ng/uL of Bsu DNA polymerase, 400 ng/uL of uvsX, and 14 mM Mg(OCOCHj3), using
~20 ng of standard DNA. The common liquid solutions and salts for buffer and solutions
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preparations were purchased from Karal (Leén, GTO, México). The most specialized
reagents, when not specified, were purchased from Sigma Co. (Burlington, MA, USA).

To standardize the reaction conditions, we evaluate the optimal temperature and
time of amplification, the optimal concentration of Bsu DNA polymerase, and analytical
sensitivity using the marker rpaCpTrnL to identify the female sex to set the optimal
conditions to identify the other sexes: hermaphrodite and male. In this sense, RPA reactions
were incubated, by duplicate, in a PCR MJ Mini thermal cycler (Bio-Rad, Hercules, CA,
USA) to evaluate the optimal temperature conditions of amplification: 37, 39, 41, 43,
and 45 °C at 30 min. After that, the amplification time was tested at 0, 10, 20, 30, 45,
and 60 min. Also, we evaluated optimal Bsu DNA polymerase concentration using 0,
25, 50, 100, 150, and 200 ng/uL. We evaluate the detection limit using 0, 0.01, 0.1, 1,
10, and 50 ng of purified standard DNA using optimized conditions. At the first seven
minutes of incubation, reactions were mixed in a Vortex-Genie 2 (Scientific Industries, Inc.,
Bohemia, NY, USA) at 0.5 potency to improve amplification. Unless otherwise stated, heat
denaturation of the RPA reaction mix (10 uL) was performed to inactivate the enzymes at
85 °C/ 5 min, according to Zou et al. [14]. Subsequently, 5 uL was added to 2.0% (w/v)
agarose gel (TAE 1X) and stained with GelRed (Biotium Inc., Fremont, CA, USA) to observe
the amplification products.

Once optimal conditions were assessed, we carried out RPA reactions to evaluate
primers designed to determine the sex of papaya using the DNA standard mentioned
before in duplicate for each sex. In addition, we evaluated the RPA performance with the
addition of betaine 0.8 M to enhance specificity, according to Luo et al. [37]. Finally, to
evaluate these conditions in planta, we use crude extracts of hermaphrodite leaves isolated
using the NaOH method, according to Satya et al. [38], in duplicate.

3. Results
3.1. Expression and Purification of Recombinant Enzymes uvsX, uvsY, gp32, and Bsu
DNA Polymerase

A set of enzymes used to amplify DNA related to papaya sex via an RPA assay was
produced using E. coli (DE3) cells. From a one-liter culture, the quantity obtained was as
follows: 0.68 mg of uvsY, 0.40 mg of uvsX, 2.3 mg of gp32, and 1.97 mg of Bsu-Pol.

3.2. RPA Assay Optimization for Papaya Sex Determination

A detection system of papaya DNA related to sex was established according to several
conditions via an isothermal approach using uvsY, uvsX, gp32, and Bsu-DNAP prepara-
tions. We used a fragment of a DNA sequence for each sex as a standard. In addition,
primers for rpaCptrnL and female standard DNA were evaluated for temperature, reaction
time, Bsu-DNAP concentration, and sensitivity in the RPA optimization. The optimal con-
ditions for rpaW11 and rpaPMSM?2 primers were also verified. Several temperatures were
analyzed, and all amplified a 150 bp product at 30 min, with 41 °C being the more intense
band (Figure 2a). DNA amplification was observed at 20, 30, 45, and 60 min; however,
at 60 min, the band was less intense than others. We decided the RPA reaction’s optimum
time was 30 min (Figure 2b). We used 200 ng/uL of Bsu-DNAP for the above experiments,
yielding clear bands. Nevertheless, we screened for lower concentrations. Our minimal
quantity tested was 25 ng/ L, with good performance, compared to 50, 75, and 100 ng/pL
(Figure 2¢). Finally, the RPA assay showed an intense band at the lower concentration of
0.01 ng/uL of standard DNA (Figure 2d). Once optimal reaction conditions were estab-
lished, we used them with the two primers rpaW11 and rpaPMSM2. Figure 3b shows clear
bands from each primer pair compared to PCR bands (Figure 3a). Figure 3c-e represents an
RPA sexing of papaya under optimal temperature, time, and polymerase concentration con-
ditions. Thus, only one band should be observed in the female, two in the hermaphrodite,
and three in the male sexes, according to primer specificity described previously [36].
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Figure 2. Effect of temperature, time, Bsu-DNAP concentration, and sensitivity on the reaction
efficiency of RPA. RPA reaction (20 uL) was carried out with the following conditions: 50 mM Tris-
HCl buffer (pH 8.6), 40 mM CH3COOK, 6.0% PEG35000, 2 mM DTT, 650 uM dNTPs, 1 uM of primer
forward, 1 uM of primer reverse, 20 mM phosphocreatine, 120 ng/uL of creatine phosphokinase,
3.5 mM ATP, 40 ng/uL of uvsY, 600 ng/uL of gp32, 200 ng/uL (a,b) and 25 ng/uL (d) of Bsu
DNA polymerase, 400 ng/puL of uvsX, and 14 mM Mg(OCOCH3;),. Time of reaction, 30 min (a,c,d);
temperature, 41 °C (b—d); standard DNA ~20 ng/uL (a—c). In (a), the effect of heat denaturation of
the RPA sample is observed. The lane corresponding to the temperature number (37-45 °C) is before
heat denaturation of an aliquot of the RPA reaction after the end of the incubation time at 30 min, and
* means the amplification band is obtained after heat denaturation; in the cases of (b—d), the observed
band is the result of the heat denaturation process. In (b), 60* means repetition.

M 1 ] 3 M 1 | 3 M 1 2 3 M 1 2 3 M 1 2 3

®p) (o) ®p) (©p) p)

766
766
500
500
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300

150 150
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(a) (b) (©) (d) (e)

Figure 3. Evaluation of set of primers related to sex of papaya. PCR (a) and RPA (b) test of each primer
individually; rpaCpTrnL (lane 1, (a—e)), rpaW11 (lane 2, (a—e)), and rpaPMSM2 (lane 3, (a—e)), using
genomic DNA (a) or standard DNA (b). (c-e) Sex determination by RPA using standard DNA and
specific primers according to their sex, female (c), hermaphrodite (d), and male (e). Female, 150 bp;

hermaphrodite, 165 bp; and male, 150 bp. M: molecular weight marker. Conditions: temperature,
41 °C; time, 30 min; and Bsu-Pol concentration, 25 ng/uL.

3.3. Performance of Enzymes in RPA Reaction

The effect of some components concerning DNA amplification was observed during
the optimization of the RPA assay. In the presence of all components, a band was clearly
observed. Conversely, no band was observed without DNA standard, polymerase, uvsy,
uvsX, gp32, or ATP. On the other hand, we observed stability of uvsX, uvsY, and gp32 for
almost six months at —20 °C; after this time, no amplification was obtained (Figure 4a). In
the case of Bsu-DNAP, we observed activity for more than one year at —20 °C.
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Figure 4. Effect of RPA components on the reaction efficiency. (a) Lane 1, optimized RPA reaction

(20 uL) with all components; effect of absence of enzymes: lane 2, uvsY; lane 3, uvsX; lane 4, gp32;
lane 5, absence of ATP. (b) Effect of mixing and heat denaturation: applied (lane 1) or not applied
(lane 2). M: molecular weight marker.

Likewise, we noted that sample mixing at seven minutes and denaturation at
85 °C/5 min after the time of incubation is dependent on the concentration of enzymes, so
with a high concentration of some of them (e.g., ~5 mg/mL of uvsY, ~13 mg/mL of gp32),
the reaction does not require mixing or heat-denaturation strategies; notwithstanding, we
recommend their application for better results (Figure 4b).

3.4. Evaluation of Betaine Addition on the RPA Efficiency and Primer Specificity Validation

The in silico analysis of each pair of primers denoted specificity for the DNA sequence
to be amplified. Nevertheless, in the RPA reactions, a weak amplification was observed
using non-specific primers to DNA targets, e.g., female or hermaphrodite. However, a
bright band was detected in the male target DNA (Figure 5, lanes 1-3). Then, to evalu-
ate whether the specificity of the primers could be improved, betaine 0.8 M was added
to the RPA reaction cocktail using standard DNA. Figure 5 (lanes 4-12) shows the per-
formance of betaine in eliminating unspecific amplification by the primers. Duplicates
evaluated such conditions. With these conditions, we could use crude extracts to identify
the hermaphrodite sex; only two bands were observed corresponding to such sex (Figure 5,
lanes 13-15).

Male DNAst Male DNAst Female DNAst Hermaphrodite DNAst
+ Betaine 0.8 M + Betaine 0.8 M + Betaine 0.8 M

(bp)

Figure 5. Non-specific amplification of primers on RPA reaction. RPA evaluation of primers using
standard DNA (DNAst) of males (lanes 1-6), females (lanes 7-9), and hermaphrodites (lanes 10-12).
Lanes 1, 4, 7, and 10: RPA reaction with rpaCpTrnL primers; lanes 2, 5, 8, and 11: RPA reaction with
rpaW11 primers; lanes 3, 6, 9, and 12: RPA reaction with rpaPMSM2 primers. The effect of adding
betaine 0.8 M to the RPA reaction is observed in lanes 4-12. In crude extract evaluation from the
hermaphrodite plant, two bands were observed, confirming sex identification (lanes 13-15).
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4. Discussion

In this study, we developed an isothermal DNA detection assay for papaya sex de-
termination via the recombinase polymerase amplification (RPA) method using the four
enzymes necessary for the reaction: a recombinase uvsX, a single-stranded DNA binding
protein gp32, a recombinase loading factor uvsY, and Bsu DNA polymerase. The RPA
optimization produced an expected band of the specific DNA target used as a template at
the optimal temperature of 41 °C; likewise, the other temperatures tested also produced an
amplification band, but a faint one that was observed once sample denaturation was ap-
plied. Amplification of DNA fragments was detected as early as twenty minutes. However,
at one hour, the band was less visible, probably due to the strand-displacement activity of
the polymerase not being fully functional or the loss of recombinase activity.

The sensitivity of the RPA method is similar or even higher than that of PCR. Thus,
a minimal DNA concentration at 9.6 or 10 pg has been reported to detect a specific
target [18,19,22,39]. In our study, 0.01 ng/pL was our detection limit, similar to the authors
reported above. The RPA method represents an advantage over PCR in amplification time
and eliminates the need for a thermocycler for constant heating and cooler cycles. However,
one of the challenges we faced at the end of the RPA reaction was the visualization of the
results on the agarose gel. Initially, we only observed a slight band on a swept background
(Figure 2a). To eliminate this noise and increase the amplification signal, we applied a
heating step of the RPA mix sample at 85 °C for 5 min after the end of the reaction for
enzyme denaturation, according to Zou et al. [14]. This heating allowed us to have more
precise bands and avoid false negatives. Other methods have been reported apart from
applying heat at different temperatures (65 °C for 10 min and 95 °C for 10 min), such as
adding SDS, formamide, and even purification with columns. However, this represents a
high cost [39]. On the other hand, we also realized that denaturation was unnecessary when
having a high concentration of the enzymes in stock since a smaller volume was added to
the reaction tube. This observation was particularly for uvsY and gp32 (Figure 4b).

The efficiency of the RPA reaction to amplify a target DNA fragment for papaya sex
determination was achieved at the appropriate time and constant temperature, along with
all enzymes and components. No amplification was observed without standard DNA,
polymerase, uvsY, uvsX, gp32, or ATP (Figure 4a). These data confirm the results obtained
by Kojima and co-workers [24], who also reported that in the absence of uvsY, creatine
kinase, or DTT, a weak amplification band was produced, where these components were
not indispensable but necessary to improve the reaction. In our work, the uvsY protein
was indispensable for increasing the reaction’s efficiency, as well as the ATP and the ATP
regeneration system. In the RPA system, the recombinase is the essential component of the
recombination system, and its high efficiency depends on ATP and the ability to regenerate
it to maintain optimal concentration [10,25].

Advances for in situ sex determination of papaya seedlings via isothermal methods
have been proposed via loop-mediated isothermal amplification (LAMP) [40,41]. Notwith-
standing, the amplification temperatures are higher (65 °C) and need up to six primers to
work than the RPA method. However, the recombinase polymerase amplification has not
been explored for papaya sex identification. Therefore, in this study, we aimed to develop
an RPA assay using a specific DNA sequence for each sex, as previously reported for
PCR [36]. Although, according to the in silico analyses, the specificity and oligonucleotide
sequence requirements were according to the literature [35], the RPA primers displayed
an amplification band in non-specific DNA at the experimental level. One reason could
be that the recombinase can incorrectly bind the primers to off-targets due to traces of
DNA from Escherichia coli during the purification process of the enzymes used in this
study, as previously reported [42]. In our attempts to eliminate this, betaine 0.8 M was
added to the RPA reaction, and the results revealed a specific amplification of primers
and more product. This high specificity was also observed when crude leaf extracts from
hermaphrodite papaya plants were used in the assay. We decided to use the extract of a
hermaphrodite plant, as this is the most preferred sex in terms of papaya fruit productivity
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worldwide [43]. Also, the papaya leaf extract confirmed that the RPA conditions obtained
for standard DNA are valid for a crude extract. However, a large-scale experiment using
papaya leaf genomic DNA should be conducted to determine each primer pair’s error rate
and test the accuracy of the RPA method in sex determination in this important crop.

On the other hand, it has been reported that the addition of betaine in isothermal
reactions, such as LAMP and RPA, can decrease the melting temperature of DNA and
serve as a molecular barrier for intermolecular hybridization between the two strands of
DNA (ssDNA), thus hindering the hybridization between the template and primers and
increasing the specificity of amplification in the isothermal reactions [37,44]. Likewise, the
RPA inventors recommend a probe-based detection method that maintains a blockage of
3’-end to prevent a primer amplification by itself [10]. This approach should be pursued in
further analysis for our primer sets to apply it to points of need, such as papaya seedling
greenhouses, and thus improve the sexing time. Compared to PCR, RPA could amplify
in minutes with lateral flow strips. Likewise, a new set of primers for each sex should be
considered for testing and to enhance the specificity of the method. Meanwhile, the freeze-
drying of reagents and the optimization of enzyme production should also be addressed in
further studies.

According to the results obtained, the RPA technique could not only be a good option
for the molecular sexing of papaya but also for other crops; for example, in terms of
time-saving, it could be an excellent advantage to determine the sex of date palm (Phoenix
dactylifera L.) since flowering takes up to five years and only plants with female flowers
produce fruit [45]. In the case of sexing at the seedling stage, it would be beneficial for
cannabis (Cannabis sativa L.) to have only female plants for production for medicinal
purposes, as they produce high-quality buds [46]. Likewise, using RPA would greatly help
to have only male spinach (Spinacia oleracea L.) plants in the field, as they contain a higher
amount of iron than female plants, which would better impact human health [47].

5. Conclusions

The reaction conditions of RPA allowed us to reliably identify the papaya’s sex. The
isothermal-based DNA amplification method demonstrated sensitivity and specificity
to perform constantly in thirty minutes and at 41 °C. Our results might contribute to
generating a standardized and practical method of RPA for applying it to papaya seedlings
and enhance the development of point-of-need strategies such as detection in lateral
flow strips.
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