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Abstract

I. Background: Pistacia
is kind of unisexual plant species that can take 4–5 years to initiate bearing stage of trees in terms of economic value. The fruits of species have an extreme
importance in food, health and baking industry as a raw material. So, identify the individual in early juvenile period for pollination and position of trees is very
crucial for growers. The objective of this study is developing markers for each Pistacia species which helps the screening the sex of plant seedling quickly
before they reach reproduction stage without waiting morphological data.

II. Methods and Results:
Within the context, by using the power of KASP (Kompetitive Allele Speci�c PCR) assay technology as a marker screening system, we successfully
discriminate 7 Pistacia species out of 8 which are P. atlantica, P. integerrima, P. khinjuk, P. mutica, P. terebinthus, P. vera and P. lentiscus. We have used a high-
throughput DNA sequence read archive (SRA) to assemble a reference genome to use in our studies as de novo bioinformatics method. 4 genomic regions
were sequenced with collected plant material from Antepfıstıgı Research Institute Collection Garden predominantly and 8 species were aligned intraspeci�cally
for Single Nucleotide Polymorphism (SNP) mining. 12 SNP markers are converted to KASP markers and 5 of them (SNP-PIS-133396, SNP-PIS-167992, P-ATL-
91951-565, P-INT-91951-256, P-KHI-91951-115) showed obvious allelic discrimination between male and female species. SNP-PIS-167992 and P-ATL-91951-
565 were identi�ed as best marker assays due to the allelic frequency differences in graphs which are apparent for all individuals and
homozygosis/heterozygosis observed clearly. These markers could be most comprehensive for whole genus because the discriminability power of several
species in once.

III. Conclusions:
As a conclusion, this study is reported �rst Pistacia gender discrimination by KASP, besides the precursor study for sex discrimination by KASP in plants.

Introduction
Pistacia is the branch of the Anacardia (Cashew) [1] family and the genus has increasing economic value [2] on food, drug [3], healthcare [4, 5] and baking
industry. The primarily producers of Pistacia vera are respectively USA, Iran, Turkey and China however the Turkey’s yield value is two times more than
worldwide yield [6]. Species have different character of leaves like membranous, leather, deciduous, evergreen, stipule and trifoliate. Besides, the most
commonly known characteristics of the species was being dioecious, wind pollination (Anemophilous), homeochlamydic perianth [7] and have unisexual
�owers.

One of the essential and common character for Pistacia genus is sex differences for individual. This Sexual Size Dimorphism (SSD) of species effects from
fertilization season to individual body or fruit size [8]. These are the anatomical and structural traits of male and female individuals. Male (  staminate) and
female (  pistillate) �owers occur on different individuals on unisexual plants [9], therefore fruit trees require the proximity of the opposite sex trees to produce
fruit and identify the individual is very crucial for producers. Marker Assisted Selection (MAS) is a promising process and may help to screen the sex or many
other traits of plant seedlings quickly before they reach reproduction stage or show morphological data in more than several years [10].

Molecular markers are nucleic acid (DNA/RNA) fragments that are any gene region or associated with genes in the genome [11]. These markers can be used
for a variety of purposes ranging from creating of genetic and character maps of families to identifying and de�ning species [12]. Each molecular marker has
advantages and disadvantages [13] so this feature gives the opportunity to choose the best �t research routes to researchers. There are also comprehensive
studies which used different molecular markers together on the same study to make sense of genetic diversity between species [14].

Single Nucleotide Polymorphism (SNP) is a single point mutation in the genome of an individual. There are two main advantages for SNP usage; their
abundance on genomes (e.g. 1/36 bp [1 SNP per 36 base pair] for Arabidopsis, 1/21 bp for potato and 1/78 bp for barley) and availability of high throughput
SNP genotyping technologies [15]. SNP markers are often used on many plants species and many platforms like QTL (Quantitative Trait Locus) analysis on
rice [16], Nested Association-Mapping (NAM) on maize for complex trait �owering time [17] or founding gene-speci�c diagnostic marker against fungal
pathogens like leaf rust, stripe rust, and powdery mildew diseases for maize [18]. In addition to this, high-throughput SNP genotyping could be performed on
Fixes-arrays or Genotyping by Sequencing (GBS) technologies. While �xed-arrays has been used on large number of samples, however, the higher cost it’s an
always limiting factor. As for that �exible technologies like TaqMan®, Douglas Array Type and KASP™ are preferable method of choice on certain �elds like
agriculture or personal medicine [19].

Kompetitive Allele-Speci�c PCR (KASP) is the PCR-based �uorescently-labelled marker scanning system which developed by KBioscience. The low-cost KASP
assay platform is de�ned as breeder-friendly [20], time effective, novel and more reliable for routine screening than the other similar technologies like Taqman
assay and Sanger sequencing [21]. The KASP is a �exible genotyping assay which able to use from high-throughput large scale to small research laboratories
[22]. In addition, according to Semagn's review in 2014, KASP is 12.3–46.1% less expensive than GoldenGate or BeadXpress platforms. Via this uniplex SNP
genotyping [23], one marker can be run and scan on real-time by �uorescent plate readers. The technology based on KASP assay is Fluorescence Resonance
Energy Transfer (FRET) cassettes combination with PCR system. FRET cassettes originate from �uorescent tagged dyes FAM (6-carboxy�uorescein) and HEX
(hexa-chloro-�uorescein) with speci�c oligo tails and their complementary quencher molecules to stop signal generation before matching. Preparation of two
unlabeled allele-speci�c primer is the other key point of the reaction. Dye’s sequences are the same with extension part of our primers one to one and quencher
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have complementary of these extensions. At the end of the PCR cycles, used primer/primers are de�ned through signal frequency [24]. The KASP has a wide
range of usage on different livings and it can be used easily for genotyping with cost advantage [22]. Cacao [25], apple [26, 27], soybean [28, 29], grain
amaranth [30] ash tree [31], robus [32], dentrobium [33], watermelon [34], peanut [35; 36], maize [23], rice [37] and wheat [20, 38, 39, 40, 41] are some of the
plants species which KASP assay has successfully applied for different purposes like Whole Genome Sequencing (WGS), GBS, breeding or identify to genetic
diversity up to the present.

Materials And Methods
Plant material and genomic DNA extraction

Eight different male and female Pistacia species (Pistacia atlantica, Pistacia integerrima, Pistacia khinjuk, Pistacia mutica, Pistacia palaestina, Pistacia
terebinthus, Pistacia vera and Pistacia lentiscus) were used as plant material that were collected from Antepfıstığı Research Institute Collection Garden
(Gaziantep, Turkey) and from Çeşme Çiftlikköy region (Pistacia lentiscus L.) in İzmir, Turkey. CTAB method was used for DNA isolation [42]. Each the extracted
genomic DNA sample was quanti�ed with the Qubit 2.0 �uorometer according to the manufacturer's instructions and evaluated by loading of DNA based on
Qubit measurements on a 0.8% agarose gel electrophoresis. Then genomic DNA samples were diluted to 2 ng µL-1 and stock &diluted genomic DNA samples
were stored separately at –20 °C. The plan of study was designed as shown in the chart (Fig. 1) and practiced step by step.

                                                                                                                               

SNP mining

In order to establish a broad range of molecular markers for sex discrimination in these Pistacia species, we focus the genomics regions shown to be de�nitive
for this purpose [43]. Three SNP positions were selected (SNP-PIS-133396, SNP-PISTACIA-176863- SNP-PISTACIA-167992) (Table 1) according to their High
Resolution Melting (HRM) positive results and were de�ned as suitable for KASP primer transformation. We have also utilized two set of WGS reads that were
available in National Center for Biotechnology Information (NCBI’s) high-throughput DNA and RNA SRA database with accession numbers SRX2270199 and
SRX2270198. These reads were assembled as a Denovo Assembly (Appendix 1) and used for the further examining the genomic areas of interest in order to
develop further molecular markers for sex discrimination of other Pistacia species.

The data was operated for quality control by FastQC tool, used adapter contents on sequence and bad quality reads (Phred score <30) were removed. Short
Oligonucleotide Analysis Package (SOAP) denovo Assembler (v2.01) were utilized to assemble raw WGS data without model organisms. The assembly tool is
included these modules; Construction of Bruijn graph from k-mers which best lengths are estimated by KmerGenie tool, Paired-end (PE) 90 and PE150 reads
mapping used for the assembly, contigs and scaffolds assembled and their fasta �les created, scaffold fasta �les are used for the �nal output of assemblies.
Probable 4 hot regions were de�ned (Appendix 1) according to the previous studies [43] for Sanger sequencing.

Sanger sequencing

The sequencing analysis has been performed by LGC Genomics GmbH Laboratory. We ampli�ed the 4 target sites (Appendix 1) of each 16 Pistacia samples
DNA template individually with speci�c primers (Table 1) to verify of the DNA sequence variants (substitutions or indels) detected by de novo sequencing at
LGC Genomics GmbH Laboratory. Sequencing runs were performed on a 3730xl DNA Analyzer (Applied Biosystems™/ Thermo Fisher Scienti�c). PCR clean-up
was performed with ExoSAP-IT™ PCR Product Cleanup Reagent (Thermo Fisher Scienti�c) according to the manufacturer’s protocol.

Multiple alignment and new SNP’s

By alignment of four regions (REG-PIS-136404, REG-PIS-174431, REG-PIS-133396, REG-PIS-167992), we selected 9 SNP among polymorphisms. For each
species female and male individuals were grouped and overlapped via Geneious Prime Program to identify gender-based SNP differences. For this program
Pairvise to Geneious / Multiple Alignment and alignment tool was utilized as a kind of global alignment features with free end gaps, 65% was chosen as a
cost matrix. Nine selected SNPs were transformed into KASP assay to test for new functional markers (Table 2).

KASP (Kompetitive Allele Speci�c PCR)

The KASP assay was performed in 20 µL reaction volume consisting of 10 µL KASP master mix, 0.28 µL KASP primer assay mix and 10 µL of 2 ng µL-1 DNA
template. Thermocycling was performed in a ABI 9700 real-time with the following LGC standard 61–55 °C touchdown cycling conditions: 94 °C 15 min,
followed by 10 cycles of 94 °C 20 s, 61 °C (decreasing by 0.6 °C per cycle) 60 s and �nally 26 cycles of 94 °C 20 s, 55 °C 60 s in triplicate. Fluorescence was
tracked in real-time with plate reads at the end of every amplification cycle and allelic discrimination was performed (Applied Biosystems’ StepOneTM
Software version 2.2.2).

Results
Sanger sequencing and SNP sex association

Sequence analyzes were performed with 75% success and quality sequences between a minimum of 250 bp and a maximum of 1142 bp were selected. After
alignment of male and female samples for each species, SNP’s were determined between genders (Fig. 2) for use in the KASP analysis. Consensus sequences
were supplied with Appendix 2.

Veri�cation of sex association
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In this study 12 SNP markers were converted to KASP markers (Table 1) to use in the assays. Five of them (SNP-PIS-133396, SNP-PIS-167992, P-ATL-91951-
565, P-INT-91951-256, P-KHIN-91951-115) were discriminative for gender in 7 Pistacia species out of 8 namely P. atlantica, P. integerrima, P. khinjuk, P. mutica,
P. terebinthus, P. vera and P. lentiscus (Fig. 3).

According to intraspeci�c consideration, SNP-PIS-167992 (A/T) marker showed female/male distinction for 3 species which are P. vera, P.atlantica and P.
terebinthus. While the male samples showed homozygous allele 2-character (T/T) for this assay and species, the signal frequencies of female samples
indicated the heterozygote allele1/ allele 2 (A/T) feature as shown in Fig. 3a, e. The marker P-INT-91951-256 had only determinative result for P. integerrima as
shown in Fig. 3b. When examined the whole genus, one of the best assay results was P-ATL-91951-565. The assay separated the male and female in the 4
species which are (P. atlantica, P. khinjuk, P. mutica, and P. terebinthus) in Pistacia genus intraspeci�cally (Fig. 3c, d). SNP-PIS-133396 marker had only
discriminative result for Pistacia vera among the genus (Fig. 1f).  The 5th marker which discriminated more than one species was P-KHIN-91951-115. The
assay showed distinction for 3 species and they are P. khinjuk, P.atlantica and P. lentiscus (Fig. 3g).

Separations of the male & female samples of P. atlantica was provided with 3 different SNP assays which are SNP-PIS-167992, P-ATL-91951-565 and P-KHIN-
91951-115. The best result among these reactions was SNP-PIS-167992 (Fig. 3a). According to this assay means value of male samples showed
homozygous (T/T) and female samples showed heterozygous (AT) characters (M= A1:0.4584, A2: 0.4886; F= A1:0.2076, A2:0.5052) as shown in Fig. 3a. The
same assay reaction was also best for P. terebinthus (Fig. 3e). The allelic frequencies of the male & female species are respectively A1:0.0395, A2:0.3476 &
A1:0.2412, A2:0.1977 as shown in Fig. 3e (M:Male, F:Female; A1:Allelle 1, A2: Allelle 2).

P. integerrima was discriminated only with P-INT-91951-256 assay. The allelic frequencies are respectively A1:0.7416 & A2: 0.2464 for mean value of P.
integerrima males and A2:0.3387 & A2:0.1154 for mean value of P. integerrima females shown in Fig. 3b.

The most obvious results for P. khinjuk and P. mutica were obtained from P-ATL-91951-565 T/C base-pair substitution assay (Fig. 3c, d). On this assay while
both P. khinjuk and P. mutica males showed homozygous (T/T) allele 1 genotype, their females have heterozygous (T/C) feature. The P. khinjuk and P.
mutica’s mean values of allelic frequencies are respectively A1M: 1.3269, A2M: 0.575; A1F: 0.7439, A2F: 0.4111 & A1M: 1.3157, A2M: 0.1580; A1F: 0.7473,
A2F: 0.4208 for male and female samples.

Analysis with SNP-PIS-133396 containing the C/G base-pair substitution revealed that P. vera female was heterozygous respect to mean value of allele
frequencies (A1: 0.9239, A2: 0.5016) while all the individuals in the genus including P. vera male (A1: 0.0933; A2: 0,4846) were exhibited homozygous allele 2
(G/G) character as shown in Fig. 3f.

P. lentiscus is only discriminated with P-KHIN-91951-115 assay in terms of sex. While the demonstration points of genders shown close in plot (Fig. 3g) and in
allele 2 frequencies are similar values, according to allele 2 the differences are more than 3 times (A1M: 0.1258, A2M: 0.4786; A1F: 0.3937, A2F: 0.5203)

The result of P-INT-91951-120 assay indicated that while male and females of P. integerrima was showing heterozygous (T/A) genotype, all other male and
female samples of species in genus were homozygous allele 2 (A/A). This marker can be accepted as a species-speci�c for Pistacia genus.

Discussion
The �rst sex determination study on Pistacia with molecular markers was done by Hormaza [10]. One thousand Random Ampli�ed Polymorphic DNA (RAPD)
markers had used for discrimination in that study. Bulk P. vera L. male and female samples had ampli�ed with 700 decamer primers and as a result
OPO08945 (OPO-08) had de�ned as a sex marker. 945 bp size band was observed on female bulk sample and this band was absent on male samples.
Yakubov et al. reported to verify the primer and develop OPO-08 RAPD primer with touchdown PCR and they determined PVF1-2 Sequence Characterized
Ampli�ed Region (SCAR) primers based on OPO-08. In that study 4-Point Base Deletion (PBD) for female samples and 1 PBD for males were de�ned as a
mutation (again with P. vera) [44]. In other completed gender discrimination study was associated RAPD markers in wild Pistacia which conducted by Kafkas
et al. [45]. BC156 (1300bp) & BC360 (500bp) markers for P. eurocarpa and OPAK-09 (850bp) & BC346 (700bp) markers for P. atlantica was indicated as a
marker. In the articles published by Esfendiyari et al. [46, 47], the �rst twenty 10-mer RAPD primers than thirty different 10-mer RAPD primer were tried on 3
different species; P. atlantica, Desf subsp. mutica, P. khinjuk and P. vera. As a result, they reported that BC1200 primer is a discriminator marker and designed
the primers PVF1 (forward) and PVF2 (reverse) from the PCR ampli�ed region sequence (convert RAPD to SCAR). The SCAR primers which has 300 bp
amplifying region, while generate a band in all female samples, there wasn't any band in male samples.

When studies are examined, it is seen that many of them are based on P. vera genus [48, 49, 43, 50, 44] due to the world wide trade income. On this basis, in
2008, P. vera L. cultivars were generated with Inter Simple Sequence Repeat (ISSR) primers and 2 of them were able to distinguish genders. These markers are
(AC) 8GC and (AC) 8TA 10-mer repeats and band sizes are 2400 [48]. Following year the same research group was experienced 32 arbitrary primers for RAPD
analysis and mentioned FPK 106 and FPK 105 but there was no data related to primer sequence. Vedramin et al. carried out the SSR study covering 4 species
[51]. Their analysis contains 50 P. vera, 4 P. integerrima, 12 P. mutica and 16 P. terebinthus for a total of 82 accessions but the tested markers were insu�cient
for gender base discrimination.

Up to the present, the most reliable study about sex linked marker on Pistacia genus was published by Kafkas et al. [43]. In that study 38 putative sex-
associated SNP markers were identi�ed as heterozygous in female individuals and homozygous in male individuals using RAD sEq. suggests a ZW/ZZ sex
determination system in P. vera.

As a result, some of the 8 species in the genus (P. vera, P atlantica, P integerrima, P. terebinthus, P. mutica, P. khinjuk) were studied separately before, while
about the remaining part of the genus (P. palaestina, P. lentiscus) there is no gender discrimination study. However, it has not been previously collected in a
single study, which indicates the comprehensiveness of our study.



Page 5/11

There are sex discrimination marker studies already done for the Pistacia species and different molecular marker methods have been used in these studies
like RAPD [47] or ISSR [48]. When the previous studies were compared with the results of KASP, there are extra steps in previous techniques like preparing gel,
loading samples or screening the gel. These extra steps can cause disadvantageous in terms of time, effort and cost. While each extra step increases the risk
of making mistakes, KASP is very suitable for scale-up as it does not contain any of these steps.

It’s obviously known that, this new and popular technique KASP assay has a wide range of usage on different species from crop improvements; maize [23],
wheat [20], tomato [52] to detection of disease in human [21]. Nonetheless, sex discrimination studies using KASP technique is not seen except for a few �sh
like salmon [53] or halibut [54] and one insect species [55]. These results show that, this study is a not just �rst for Pistacia in terms of gender discrimination
but also the precursor study for sex discrimination by KASP in plants.

In our study, 12 SNP regions were screened for 8 species and 5 SNP (SNP-PIS-133396, SNP-PIS-167992, P-ATL-91951-565, P-INT-91951-256, P-KHI-91951-115)
showed clear allelic discrimination between sexes in species. As a result of this allelic distinction, 5 KASP primers identi�ed as a sex-linked markers for 7 of 8
species. In the sex discrimination marker study conducted by Kafkas et al. [43] for P. vera species, 8 of 13 SNP had differentiated between P. vera genders.
When these markers were tested with some other species (P. atlantica, P. terebinthus, P. eurycarpa, P. integerrima) in the genus, a distinction could not be
observed in these wild types.

In terms of allelic frequency, the best marker assays were SNP-PIS-167992 and P-ATL-91951-565 (Fig. 4a, c). In allelic graphs of these markers, frequency
differences are apparent for all individuals whose distinction was observed, and the distinction is exact in terms of homozygosis and heterozygosis (Fig. 4). At
the same time, they can be considered more comprehensive because it differentiates several species at once for whole genus (Fig. 4a, b, c). Each SNP markers
show discrimination for 3 Pistacia species; SNP-PIS-167992 for P. atlantica, P. terebinthus, P. vera (Fig. 4a); P-KHIN-91951-115 for P. atlantica, P. khinjuck, P.
lentiscus (Fig. 4b); P-ATL-91951-565 for P. atlantica, P. khinjuck, P. mutica (Fig. 4c).

When all results are evaluated, the less discriminative result of allelic signals between genders showed itself in separation of P. lentiscus species with P-KHIN-
91951-115 assay. While allele 2 (HEX) radiations were similar in this result and indicative dots seems close to each other, allele 1 (FAM) had more than 3 times
stronger signaling difference in the female individuals. Some of the assays were irradiated after reaction but they did not display a difference on allelic
discrimination plot. In one marker (P-VERA-10733-132), no signal was received, which is actually in fact an indication of the KASP system accuracy and the
speci�city of primer sequences.

The assay P-INT-91951-120 were discriminated only P. integerrima species apart from genus and actually it was not surprising, because the assay was
designed special and in the direction of P. integerrima sequence. When we assess the SNP-PIS-167992 assay result, while the Kafkas et al. [43] research
discriminate only P. vera, our assay discriminated 2 more species which are P. atlantica and P. terebinthus in addition.

Conclusion
This analysis provides insight into the sex discrimination of Pistacia genus using sequencing-based assays. SNP assay described in this paper can be used to
determine and con�rm the sex of Pistacia varieties so this study underlines the usefulness of using SNP marker technology in future breeding programs by
cost and time effectively. The KASP technique could be a reliable genotyping assay for routine to identify the sex of Pistacia genus. Understanding sex/gender
in plant reproduction is of immense practical importance for biotechnology, the conservation of biodiversity and the control of invasive species.
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Tables
Table 1. Sanger sequence of primer pairs for four target regions.

Region Primer forward Primer reverse

REG-PIS-136404 (exp#: 91951) TTGAGGAAGAGGATGAAACC TGAAATAGGATGAAAATCGTG

REG-PIS-174431
(exp#:107303)

TCCTTTTCTCTTTCCCTAAGC GCTACCCTAGCGAAAGATCC

REG-PIS-133396 GATGGCCAGTGAGAGGATTTAT GCATGGGGACACAGAGTTAG

REG-PIS-167992 CGTGACTTAAAGGACAACAGC GTGCTATGCGCATTTCATTAAAATC

 

 

Table 2. KASP primer sequences.
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NO SNP ID FAM HEX Sequence KASP Primer Seq Allele FAM

1 SNP-
PIS-

133396

C G AAGAAGATTAAAGTA[C/G]CTGATCCATGATCTT GCAAACCGCAAAGAAGATTAAAGTAC

2 SNP-
PIS-

167992

A T TCATAGCGTGAGCTC[A/T]TTGTTCCACCTSTAA GAAAAATAACTTCATAGCGTGAGCTCA

3 SNP-
PIS-

176863

A G TGAGCTTGGAAGGTA[A/G]TATCATACTTTGCAGAT ATCGACCTGTCTGCAAAGTATGATAT

4 P-ATL-
91951-

565

T C TTAATGCAGTTGAGG[T/C]TAGCGGTAAGAATGT CAGAGAAAGTTATTAATGCAGTTGAGGT

5 P-INT-
91951-

120

T A ACATGAGCAGCAAGT[T/A]CAGAGCATAACAAAT GAATGAACAATAACATGAGCAGCAAGTT

6 P-
KHIN-
91951-

115

C T AATAGTACTTCTTTG[C/T]GCATTTTTTATTCAT GATGGTTTCTTTGAATAGTACTTCTTTGC

7 P-VERA
10733-

132

A T GTCACGTTCCCGCTC[A/T]CTTCTGTCTTTGTCA CACCGTCACGTTCCCGCTCA

8 P-
VERA-
91951-

460

T G TATATTTTACTTATG[T/G]AGTTATAGTATGTGC TAATCAGCTTTGAAGTATATTTTACTTATG

9 P-INT-
91951-

256

A G TTATGTTGTTAGATT[A/G]AGATTAAAGATATAC TGTTTCAGAGAGGTATATCTTTAATCTT

10 P-PAL-
107303-
INDEL

DEL INS TCTTTCACCGTCACG[TTCCCGCTCTCTTCTGTCTTTGTCATGATCACA/-]TTCCCGCTCTCTTCT CTCTTCTGTCTTTGTCATGATCACA

11 P-
KHIN-

133396-
479

C A ATTTATATTTGCTGC[C/A]TCTGTTATATTTTAT GTCAAAACCATGCAATAAAATATAACAGA

12 P-TRE-
167992-

63

T C GTATGTATATGGCTT[T/C]ACAGTATCACCTGTA CAAGCCCTTACAGGTGATACTGTA

Figures
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Figure 1

Working �ow chart of this study.

Figure 2

Variant detection followed by multiple alignment of Sanger sequencing results using Geneious Prime software: Example of a SNP mutation for P-ATL-91951-
565.
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Figure 3

KASP genotyping results of P. atlantica (a), P. integerrima (b), P. khinjuk (c), P. mutica (d), P. terebinthus (e). P. vera (f) and P. lentiscus (g) species with 5 SNP
marker identi�ed gender–based SNP differences.

Figure 4

4 KASP genotyping results for all species used in this study (a) SNP-PIS-167992 (b) P-KHIN-91951-115 (c) P-ATL-91951-565 assays.
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