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Abstract: For the first time we report the validation of reference genes in plants from a population
of blueberry (Vaccinium corymbosum) clones cultured in vitro on a colchicine-supplemented medium.
Nodal segment explants of the cultivar Duke were regenerated by organogenesis under different
periods of colchicine 1 mg/L exposure (1, 2, 3, 5, 30 days). The clones selected for the study showed
variability for phenotypic traits after 2 years of adaptation to field conditions, compared to plants
of the donor genotype that were regenerated on a medium without colchicine. Vaccinium myrtillus
(GAPDH) and Vaccinium macrocarpon (ATP1, NADH, RPOB and COX2) were used as reference ge-
nomes for primer design. The results show that colchicine treatments can cause genomic changes in
blueberry plants. At the molecular level, exposure of plants to colchicine in early periods could pro-
mote an increase in gene expression of specific genes such as ATP1, COX2, GAPDH, MATK, NADH
and RPOB. However, prolonged exposure (30 days) could decrease gene expression of the genes
studied. For qPCR assays, the primers designed for ATP1, COX2, GAPDH and MATK genes showed
high efficiency. In addition, the GAPDH, ATP1, NADH and COX2 genes showed high stability and
could be recommended as potential reference genes for gene expression assays in Vaccinium.
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1. Introduction

The production of blueberries (Vaccinium spp.) has increased in recent years world-
wide due to their beneficial characteristics for human health, explained by their high con-
tent of secondary metabolites with antioxidant properties of high value for the functional
food industry [1,2]. Chile is an important producer and exporter of blueberries in the
southern hemisphere, increasing in recent years the area planted in different regions. Ac-
cording to estimates by the Chilean Blueberry Committee of ASOEX, exports of this fruit
in the 2020-2021 season were 154,050 tonnes (fresh and frozen blueberries), with the se-
lection of commercial varieties being one of the factors that determined the high produc-
tion of blueberries [3].

The blueberry belongs to the family Ericaceae and has been classified in the subfam-
ily Vacciniaceae, subgenus Cyanococcus, genus Vaccinium. The main commercial varie-
ties of blueberries are highbush (Vaccinium corymbosum L.), lowbush (V. angustifolium Ai-
ton), rabbiteye (V. ashei Reade) and southern highbush (interspecific hybrids of Vaccinium).
In addition, medium-high highbush blueberry (lowbush blueberry and intercropped
highbush blueberry) has entered the trade in recent years [4]. Breeding and selection of
modern blueberry varieties with distinctive agro-productive traits, resistance to biotic and
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abiotic stresses and increased nutritional values has been an ongoing effort of traditional
genetic improvement programs [4,5]. Plant genetic improvement can also be assisted by
biotechnological approaches; among these, one of the most widely used is the application
of colchicine treatments to induce different degrees of genetic variability resulting from
polyploidy [6,7].

Polyploidy is a heritable state that maintains more than two complete sets of chro-
mosomes and plays an important role in genetic and phenotypic diversity, plant evolution
and adaptation, species diversification and breeding programs [8-10]. In general, poly-
ploid plants are classified as autopolyploid, a term that refers to the repetition of the ge-
nome from similar ancestors or donors, e.g., somatic cell explants from a donor from tissue
culture [11,12]. Otherwise, they are referred to as allopolyploids when the resulting plants
originate from the hybridization of parents with different genomic content and the dupli-
cation of this hybridized genomic material occurs at that point [13].

Polyploidy is being studied in various contexts, including molecular biology, gene
expression and genomic structure, while its functions and complex interrelationships in
biological processes are still unclear. In this sense, genomics could provide an efficient
platform for future studies, where interdisciplinary approaches should be crucial in iden-
tifying the functions and regulatory mechanisms of polyploidy [10].

Other research recognizes rapid and dynamic changes in genomic structure and gene
expression in polyploid plants. Results show similar structures of uniparental gene regu-
lation and non-additive gene expression in regulatory pathways such as growth, devel-
opment and stresses, leading to the conclusion that epigenetic mechanisms, including
chromatin modifications and small RNAs, play a key role in determining molecular and
phenotypic novelty, mainly in allopolyploid plants [12].

The development of tissue culture technology has proven to be a flexible platform to
support plant breeding programs. As an example, by integrating genetic engineering, mu-
tagenesis or somaclonal variation into in vitro culture, it is possible to express, induce or
evidence genetic variability as a source for the selection of elite clones for plant breeding
[14]. Colchicine is an alkaloid-type metabolite obtained from meadow saffron (Colchicum
autumnale L.) that inhibits chromosome separation during cell division, leading to chro-
mosome duplication, and is widely used as an antimitotic agent for the induction of pol-
yploidy [7,11,15-17].

For differential gene expression studies in plants, which could include populations
of individuals regenerated from in vitro culture or by treatments to induce genetic varia-
bility, the quantitative PCR technique (RT-qPCR) is recommended. This approach re-
quires accurate and reproducible measurements of transcriptional levels of target genes.
However, in plants, the number of validated reference genes for this type of study remains
limited. Currently, most of the normalizing genes used in plant assays are genes for fun-
damental cellular functions such as actin, tubulin, elongation factor 1 and 18S and 40S
ribosomal RNAs [18-21]. However, it has been shown that some of them can vary in ex-
pression according to experimental conditions and depending on the tissue under study
[19,22,23]. Candidate gene studies have been carried out in different species such as chic-
ory [18], cucumber [19], potato [23], grapevine [24,25], papaya [26] and soybean [27].

For blueberry, UBC28, RHS, CACSa and UBQ3b genes showed stable expression in
multiple organs in Powderblue (rabbit’s eye) and Star (southern highbush) cultivars,
while CACSa, RH8 and UBC28 were the most stable genes during abscission induction
experiments [28]. For Ericaceae, a set of potential reference genes (Vc4916320, CACSa, PPR,
GAPDH, UBC9, Vc4g26410, PEX4 and TIP41) was also identified from public transcrip-
tome databases, while the authors recommend the use of two or three reference genes to
achieve reproducibility of results [29]. In addition, from a blueberry transcriptome data-
base, the reference genes EFle, EIF and TBP showed high stability at different develop-
mental stages under abiotic stress [30]. In a more recent study in diploid (V. myrtilloides)
and tetraploid (V. angustifolium f. nigrum) blueberry floral tissues challenged with the
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pathogen Monilinia vaccinii-corymbosi (Reade) Miel (M.vc) and measuring pathogenesis re-
lated to the protein gene PR3, the genes UBC9 and GAPDH were the most stable as refer-
ence genes, while RH8 and PPR were the least stable [31].

In this work, for the first time, a population of blueberry plants regenerated in vitro
in different colchicine treatments is used as genetic material for the verification of refer-
ence genes. The donor cultivar was Duke, while the plants selected for RT-qPCR analysis
were those that showed phenotypic variability for agrobotanical traits under field condi-
tions for two years. For gene selection, both Vaccinium myrtillus and Vaccinium macrocarpon
were the genomes initially screened. In this work, the GAPDH, ATP1, NADH and COX2
genes tested with high stability were validated and could be used as reference genes in
gene expression assays for blueberry plants or other Vaccinium species.

2. Results

Of the total number of plants regenerated in colchicine treatments, 11,565 were
adapted in the greenhouse, of which 8219 survived. Of these, 817 of the colchicine-treated
clones from different treatments were selected for their vigor to be transplanted to the
field. Both acclimatization and field phases were carried out in San Antonio de Encina,
Linares. It was observed that the clones of the treatments with a longer exposure time to
colchicine showed a greater dispersion in fertility (presence or absence of fruits), as well
as correlating the basal diameters of the treated plants with their respective stem heights.
During the first 6 months of field adaptation, agromorphological traits were evaluated,
showing genetic variability among the clones under study (Figure 1).
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Figure 1. Phenotypic traits evaluated in the field study stage of blueberries (Vaccinium corymbosum),
showing the variability between height and basal diameters in plants exposed to the same environ-
mental conditions.

An example is shown in Figure 2 where variations in the shape, size and coloring of
the leaves of different randomly selected clones with respect to the donor genotype are
observed. Finally, a total of 38 clones showing phenotypic variability during two years
were selected for the reference gene characterization study.
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Figure 2. Example of genetic variability (morphology) evidence in the studied clones of blueberries
regenerated in colchicine. Vertical: Replica leaves of individual clones. Horizontal: Blueberry clones
under evaluation. Left: Donor genotype Duke.

2.1. ATP1, COX2, GAPDH and MATK Gene Primers Showed Higher Efficiency in gPCR
Assays

Of the 38 clones selected, a total of 26 clones showed genomic material of appropriate
quality for this study. Samples with RNA concentration and purity (260/280 nm ratio be-
tween 1.5 and 2.0) were used to synthesize cDNA (Table 1). For cDNA viability, a control
sample was used for all primers: ATP1 (181 bp), COX2 (181 bp), GAPDH (174 bp), MATK
(195 bp), NADH (170 bp) and RPOB (199 bp). All primers were able to amplify the frag-
ments of interest corresponding to their respective molecular weights. In addition, the

viability of each cDNA was tested using the GAPDH gene, a gene used as a reference gene
(Table 2).

Table 1. Data of efficiency and activity of each set of primers for ATP1, COX2, GAPDH, MATK,
NADH and RPOB genes.

Primer Efficiency Slope R?
ATP1 109.36 -3.11 0.985
CcCOXx2 99.02 -3.34 0.994
GAPDH 91.07 -3.55 0.993
MATK 100.08 -3.32 0.995
NADH 113.47 -3.036 0.954
RPOB 109.74 -3.10 0.980
Table 2. Specific primers from plants of Vaccinium genus.
Gene Sequence Protein ID  Organism Start End Prm(l;:;)s ize CG Ez/)r;tent Tm Product Size
AGGTTTGG- Vaceini
GAPDHF  CATCGTT- AAMO96896.1 ”Ccﬁll”m 134 153 20 55 60.61 174
GAGGG myr 1us
AAGGG- Vaceini
GAPDHR CAGGCAAC AAM96896.1 ”Ccﬁll”m 307 288 20 55 60.54 174
ACCTTAC myriitus
GTTCAC- .
RPOBF TCGGTTTAG YP—OO71025937' Vaccinium 26 2619 20 60 61.02 199
CGGGG muCTOCﬂTpOVl
GGATCGCC .
RPOBR  GGTTCTTCC Y F-007025937. Vaccinium 2798 2779 20 60 60.88 199

ATC

1 macrocarpon
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CCCTCGACT .
MATKF  TTCTGGGC- YP-OO71025894' m‘;‘ffﬂl’;’:":ﬂ 983 1003 20 57 59.93 195
TATC 4
CCGGCTITAC ..
MATKR  TCATGG- YP—0071025894' vaccinium 1177 1158 20 55 59.53 195
GATGT macrocarpon
GAC- -
ATP1F CGCCTTACCYP—008199%06' m‘;‘ffﬂl’;’:":ﬂ 972 991 20 60 60.09 181
CGTCATTG P
TTTCAACTG ..
ATPIR  AGCGG- YP—0081999606' m‘;ijcol;l:‘?n 1152 1133 20 55 60.88 181
CAGACC P
GGGTCTT- i
COX2 F GGTTCGCGCYP‘OOSI%%OS' m‘;icrcolg:‘?n 158 177 20 55 60.95 181
TTTA P
GCTG-
GATCGAC- YP_008999605. Vaccinium
COX2R TACTAC- 1 macrocarpon 338 317 20 54 61.06 181
CTCGT
TTATTTGG- ..
NADHF  GACCCGCG YP—0071025953' vaccinium 1563 1582 20 55 61.27 170
AGGA macrocarpon
CGCCACAA ..
NADHR ~ATTCCATCC YF-007029993. Vaccinium 1732 1713 20 55 60.97 170
1 macrocarpon
CCA
For the efficiency test, a preliminary qPCR was performed for each primer set and a
control sample was used in triplicate. The best qPCR assay result obtained for each primer
set was used for serial dilution from 10! to 10-¢. All sets were able to amplify a single
amplicon, which can be seen in all unique peak shapes generated for each assay. The re-
actions generated a single amplicon, and no non-specificity was verified according to the
melting curve plots (Figure 3). All primers presented an amplification curve, where am-
plifications were observed to advance as dilutions progressed, showing an increase of
three to five cycles and affecting the threshold cycle (TC) at each dilution. Additionally,
the dilution points (standard curves) of the qPCR assays can be seen in Figure 4 represent-
ing the efficiency of each primer during the dilution processes. Six dilution points were
used, each point in triplicate for each gene. Almost all genes show an adequate standard
curve with all six dilution points. However, the primer for the RPOB gene used five dilu-
tion points, and the primers for the NADH and RPOB genes have not presented all dilu-
tion points in a sloping trend (see Figure 4e,f). These results may influence the efficiency
of the primers. The ATP1, COX2, GAPDH and MATK gene primers have shown an effi-
ciency of around 91.09 to 109.36 and an R? coefficient of 0.985 to 0.995. The primers with
the best performance were those of MATK with an efficiency of 100.08 and R? coefficient
of 0.995, followed by the COX2 gene primer with an efficiency of 99.02 and R? coefficient
of 0.994.
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Figure 3. Melt curves of ATP1, COX2, GAPDH, MATK, NADH and RPOB gene primers: (a) ATP1;
(b) COX2; (c) GAPDH,; (d) MATK; (e) NADH; (f) RPOB.
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Figure 4. Standard curves of ATP1, COX2, GAPDH, MATK, NADH and RPOB gene primers: (a)
ATP1; (b) COX2; (c¢) GAPDH; (d) MATK; (e) NADH; (f) RPOB.

The primer sets for NADH and RPOB performed the lowest in this experiment with
efficiency values of 113.47 and 109.73 and R? coefficients of 0.954 and 0.980, respectively.
The results are summarized in Table 1.

2.2. Gene Expression Behavior in Colchicine-Regenerated Blueberry Clones

The expression of each gene studied in blueberry plants was evaluated, showing a
variable pattern with respect to colchicine treatment (Figure 5). When absolute expression
was considered, the ATP1 gene showed a slight increase in plants regenerated after 2 days
of colchicine treatment; however, its expression decreased in plants regenerated after 3, 5
and 30 days of treatment (Figure 5a). For the COX2 gene, samples from 2- and 5-day treat-
ments show a higher absolute expression than the control; however, the median of all gene
expression levels relative to colchicine treatments is lower than that of the control samples
(Figure 5b). In the case of the GAPDH gene, colchicine treatment altered expression in all
assays compared to control samples, resulting in increased expression mainly in plants
regenerated in the 2 and 5 days of treatments (Figure 5c). MATK and NADH genes showed
increased expression in plants from the 1-, 2- and 5-day colchicine treatments compared
to control samples and the other two treatments (3 and 30 days). NADH showed a signif-
icant increase in expression in clones regenerated after 5 days under colchicine conditions
(Figure 5d,e). Finally, the RPOB gene showed a slight increase in expression in clones
treated for 1 and 2 days (Figure 5f). However, clones regenerated after 3 and 30 days re-
sulted in a decrease in gene expression in all the genes studied. Treatments for 2 and 5
days in colchicine were shown to influence the expression patterns of almost all the genes
studied.
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Figure 5. Graphs of absolute expression of ATP1, COX2, GAPDH, MATK, NADH and RPOB genes
in blueberry plants subjected to different treatments with colchicine (1 day, 2 days, 3 days, 5 days
and 30 days): (a) ATP1; (b) COX2; (c) GAPDH; (d) MATK; (e) NADH; (f) RPOB.

To evaluate the relative expression of these genes, the gene encoding the protein
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was chosen as it is widely reported for
this purpose. For this purpose, the Delta-Delta-CT methodology was used, where all ex-
pression levels of the samples of interest were compared with the expression levels of the
control samples and the GADPH reference gene. Furthermore, the tests were performed
in triplicate, and each triplicate value obtained was only considered if the standard devi-
ation of the obtained TCs did not exceed 0.5. The averages of the relative expression levels
(major and minor) obtained for each gene in each sample of colchicine treatment (1 day, 2
days, 3 days, 5 days and 30 days) and control using the Delta-Delta-CT method are repre-
sented in Figure 6. The expression of the ATP1 gene showed a slight increase in the plants
receiving 2 days of treatment and an expressive increase in the clones treated with the 5-
day colchicine treatment (Figure 6a). Clones regenerated in colchicine (30 days) showed
the lowest expression values within the genes studied, with the exception of the COX2
gene. In addition, the COX2 gene expression of the control samples was higher than that
of the other colchicine treatment samples (Figure 6b). In addition, this gene showed in-
creased expression at 3 days. The MATK gene showed increased expression in plants with
1-day colchicine treatment, and the NADH gene showed increased expression in the 3-
day treatment (Figure 6c,d). Finally, the RPOB gene had its expression significantly in-
creased in the regenerated clones after 1 and 2 days of treatment (Figure 6e). Considering
the relative expression, colchicine treatment generally promoted a decrease in expression
in the 1-, 2- and 3-day treatment plants.
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Figure 6. Graphs of relative expression of ATP1, COX2, MATK, NADH and RPOB genes in blueberry
plants subjected to different treatments with colchicine (1 day, 2 days, 3 days, 5 days and 30 days).
The GAPDH gene was used as the reference gene. (a) ATP1; (b) COX2; (c¢) MATK, (d) NADH; (e)
RPOB.

2.3. Are These Genes Stable for qPCR Assays?

Gene stability was studied using the RefFinder software. This software uses the
scores generated in several programs (NormFinder, GeNorm and BestKeeper) that work
on gene stability analysis for reference genes. From each program, RefFinder assigns an
appropriate weight (score) to an individual gene and calculates the geometric mean of its
weights for the final overall ranking. Figure 7 summarizes the stability studies of the ref-
erence genes analyzed in all samples of each colchicine treatment together (1 day, 2 days,
3 days, 5 days and 30 days). Gene values of around 1.5-2.0 reflect gene stability. Values
up to 2.0 represent the non-stability of the genes studied. The graph in Figure 7a shows
the genetic stability found for BestKeeper, which presents the GAPDH gene (1.356) as the
most stable gene to be used as a reference gene in qPCR assays. Figure 7b shows the pre-
dicted genetic stability for BestKeeper, which presents the genes GAPDH (0.806), NADH
(0.806), COX2 (0.851) and ATP1 (1.678) as the most stable genes to have their uses consid-
ered as reference genes. Finally, the GeNorm program found GAPDH, NADH and ATP1
to be the most stable genes for use as reference genes in gene expression assays (Figure
7¢). GAPDH is considered in all results as the best reference gene for gene expression anal-
ysis in blueberry plants, followed by NADH and ATP1.
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Figure 7. Graphs of gene stability analysis of ATP1, COX2, GAPDH, MATK, NADH and RPOB genes
from blueberry plants treated with colchicine (1 day, 2 days, 3 days, 5 days and 30 days) using
RefFinder software: (a) BestKeeper software results; (b) NormFinder software results; (¢c) GeNorm
software results.

3. Discussion

The novelty of this work is that it uses a population (clones) of colchicine-regenerated
blueberries from a single donor (cv. Duke) for the validation of reference genes. Selected
clones showed stability in phenotypic variability during two years (asexual generations)
in a field trial under natural environmental conditions. The clones selected for this study
(26 with adequate RNA quality) come from a total of 11,565 blueberry plants that were
regenerated in vitro from different colchicine exposure treatments. The framework strat-
egy of the project is to characterize stable genetic variability in natural environmental in-
teraction. In this sense, all surviving clones were planted in the field regardless of the
colchicine treatment where they originated. Any possible correlation between colchicine
treatments and the efficiency of the selection of clones with commercial characteristics will
be part of the future results of the project.

An ideal reference gene should have stable expression across a wide range of envi-
ronmental conditions, tissues and growth stages. Therefore, to study whether colchicine
treatments resulted in genomic changes affecting gene expression of specific genes, pri-
mers were designed for some housekeeping genes using genomic sequences of Vaccinium
species such as Vaccinium myrtillus (GAPDH) and Vaccinium macrocarpon (ATP1, NADH,
RPOB and COX2) as reference genomes. These genes can be constitutive in blueberry
plants under normal conditions. Colchicine treatment was applied at 1 day, 2 days, 3 days,
5 days and 30 days, and the selected plants (clones) showed phenotypic variability and
morphological changes in traits such as size, coloration and leaf size compared to the un-
treated control (Figure 2). In the plant kingdom, polyploidy is remarkably common, and
polyploidization can be an important driving force in facilitating plant breeding [32]. Pol-
yploidy has substantial phenotypic effects, such as increased cell and organ size and in-
creased vigor and biomass, and additional phenotypic and molecular variation may arise
soon after polyploid formation [32]. Colchicine treatments applied to blueberry clones at
different timings may have induced different degrees of ploidy (colchiploids) as evi-
denced by phenotypic variability in the different traits evaluated; however, potential cor-
relations between the time of exposure and phenotypic variability were not determined
at this time. The success rate could be attributed to the species under investigation, the
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colchicine application protocol and the explant used [33]. However, the cell and chromo-
some sizes of these colchicine-treated blueberry clones still need to be assessed to demon-
strate if the observed phenotypic variability could be correlated to their ploidy levels or
genomic changes.

The qPCR method is one of the most sensitive and efficient methods for examining
expression patterns, and together with the quantification of messenger RNA, it is widely
used in gene expression studies. However, some factors may impair the quality of the
qPCR technique, and the low efficiency of the primers coupled with the variability gener-
ated by colchicine treatments could increase the quality of the technique. However,
GAPDH reference genes that were stably expressed in these plant systems were found to
have low expression stability in hexaploid oat samples in both seed and endosperm [34].
Structural variation has been found to drive traits of interest in fruit and cereal crops [35],
which was the target in polyploid induction. Indicative of the specificity of the primers is
that they can maintain their action during serial dilutions without loss of efficiency and
specificity. Primers for ATP1, COX2, GAPDH and MATK genes have shown an efficiency
of around 91.09 to 109.36 and an R? coefficient of 0.985 to 0.995. The primers with the best
performance were those of the MATK generation, with their efficiency at 100.08 and R?
coefficient of 0.995, followed by the COX2 gene primer, with its efficiency at 99.02 and R?
coefficient of 0.994. According to our study, this primer set is recommended for use as
reference genes in qPCR assays using blueberry plants or plants of the genus Vaccinium,
once the standard efficiency pattern is present. Dorak et al. [36] reported a comparison of
efficiencies in optimized qPCR reactions for nine different real-time PCR kits, finding an
average value of 103% (94-128%), which confirms that the efficiency obtained in this work
is in the valid range for such a test. Reference genes have already been characterized for
allopolyploid and autopolyploid species; however, this is the first time that they have
been determined from a population of plants of the genus Vaccinium regenerated on a
colchicine-supplemented medium [37-41]. Another study in Arabidopsis thaliana [42], us-
ing representative mitochondrial genes, atp1, rps4, nad6 and cox1, as targets for quantita-
tive qPCR analysis where the selected genes represent mitochondrial chondrome-depend-
ent functions of ATP synthesis, electron transport and gene expression, found similar re-
sults in these reference genes.

Gene expression analysis of some housekeeping genes of blueberry plants was per-
formed using two approaches: absolute gene expression and relative gene expression be-
tween plants that underwent colchicine treatment and control plants (no colchicine treat-
ment). These analyses were performed to understand whether colchicine treatment was
able to change the polyploidy of blueberry plants and thus lead to differential expression
of certain housekeeping genes. In terms of absolute expression, the ATP1 gene showed a
slight increase after 2 days of colchicine treatment. The COX2, GAPDH and RPOB genes
showed an increase in absolute gene expression levels in the samples with 2 and 5 days of
treatment; MATK and NADH genes showed an increase in expression in the samples with
1 day, 2 days and 5 days of colchicine treatments. NADH showed an expressive increase
in expression after 5 days in colchicine conditions. This antimitotic altered expression in
all assays compared to control samples, resulting in increased expression mainly in the 1-
, 2- and 5-day treatments. The presence of colchicine may modify global gene expression
when plants are exposed to colchicine for a few days. However, all genes showed low
expression in the 30-day treatments. It is possible that large exposure of blueberry clones
in colchicine may have an opposite effect on the absolute expression of certain genes, lead-
ing to decreased expression levels. Induction of polyploid plants of the myxoploid type is
unstable and an undesirable outcome [43] as competition occurs between the original cells
and the polyploid cells, leading to the elimination of the latter.

RNA-seq analysis revealed that, in general, the transcript level showed a negative
correlation, suggesting that gene methylation was copy-number-dependent or associated
with different subgenomes and providing insight into the role of epigenetic variation in
the evolution of the polyploid genome [44].
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The relative expression in this study is not statistically significant (p <0.05). However,
the results were presented to improve the understanding of the gene expression behavior
of the studied genes when subjected to colchicine treatment. The GAPDH (glyceraldehyde
3-phosphate dehydrogenase) gene was used as a reference gene. The expression of the
ATP1 gene showed a slight increase at 2 days of treatment and an expressive increase at 5
days of colchicine treatment. COX2 showed a high expression at 3 days and a slight in-
crease at 30 days of treatment. In addition, the vast majority of control samples showed
lower expression levels for some of the other treatments, except for COX2 and RPOB
genes. The samples treated with colchicine for 30 days showed the lowest expression val-
ues for the genes studied, with the exception of the COX2 gene. The MATK gene showed
increased expression after 1 day of colchicine treatment, and the NADH gene showed in-
creased expression at 3 days. Finally, the RPOB gene had significantly increased expres-
sion after 1 day and 2 days of treatment. Considering relative expression, colchicine treat-
ment generally promoted increased expression at 1, 2 and 3 days. Colchicine treatment
might have influenced an increase in expression of these genes on some day of treatment
(perhaps due to the promotion of polyploidy), which cannot be observed in the control
samples. This last strategy of polyploidy quantification is convenient for investigating
physiological changes in gene expression levels, cell size, chromosomal level and mor-
phological changes caused by polyploidy induction through colchicine, which has already
been worked out and reported in the studies of Bamboo [32], Nauclea Cadamba [33] and
Petunias [43].

Housekeeping genes have been used for qPCR standardization, in many cases with-
out any experimental verification. One of the most famous cases is that of glyceraldehyde-
3-phosphate dehydrogenase, which, after being used as a reference gene for many years, has
been shown to have differential expression in different tissues or samples [45]. This has
led to the consideration that a gene can be used as a reference in a qPCR analysis once it
has been previously confirmed that its expression is stable in the samples to be analyzed,
independently of its expression in other tissues or experimental conditions. Previous ex-
periments have been necessary to validate the use of a gene as a reference, and new com-
putational tools have been designed to test the stability of these genes as a reference. The
genes analyzed in this study are novel and efficient for blueberry plants and other species
of the genus as they are uniquely designed for them. Among the most commonly used
tools are GeNorm, NormFinder and BestKeeper [46]. The analyses performed are shown in
Figure 7, which shows that the most stable genes for these samples are GAPDH, ATP1,
NADH and COX2, as they presented an M value of around 1.5 to 2.0 and have been indi-
cated as the most stable by BestKeeper, NormFinder, GeNorm and the classification per-
formed. This is the first study to define how reference genes are used in gene expression
assays for blueberry plants. This set of genes could be used for gene expression studies
with blueberry plants and other plants of the genus Vaccinium once the primers are de-
signed for Vaccinium myrtillus and Vaccinium macrocarpon.

GeNorm, NormFinder and BestKeeper are three statistical analysis-based programs
commonly used by researchers to assess the robustness of a gene to be used as a reference
gene in RT-qPCR analysis. Using GeNorm, which has recently been noted as one of the
best methods for determining the most stable expressed genes for qRT-PCR analysis [47-
49]. In addition, GeNorm provides more information about an optimal number of genes
in a given experimental dataset. The stability of a candidate gene is determined by pair-
wise comparison of the variation of the expression ratio in GeNorm to avoid co-regula-
tion, following the lead of many other reports [21,49]. The working principle of
NormFinder is similar to that of the GeNorm program, but the latter can select suitable
combinations and the optimal number of reference genes. Unlike GeNorm and
NormFinder, the BestKeeper software makes calculations directly using Cq values [50].
The final range of reference genes was determined with the RefFinder software, an easy-
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to-use web-based comprehensive tool that integrates GeNorm, NormFinder and Best-
Keeper [51]. Therefore, the use of multiple programs in a comprehensive analysis will help
in obtaining an accurate reference gene.

4. Materials and Methods
4.1. Vegetative Material

Blueberry seedling stocks of the genotype Duke were established in vitro according
to the following: Essentially, adventitious buds (~ 5 cm) were surface disinfected in a com-
mercial 10% NaOCl and 0.1% Tween 20 solution (15 min) followed by a treatment in 70%
ethanol (5 min) and then three rinses in sterile distilled water. Shoot tips were grown for
8 weeks in McCown’s Woody Plant (WP) medium supplemented with 30 g/L sucrose and
1 mg/L 2iP (N6-[2-isopentenyl] adenine). The culture medium was solidified with 6 g/L
agar and the pH was adjusted to 5.2 before autoclaving at 121 °C for 20 min. Plant cultures
were maintained at 23 °C + 2 °C for a 16 h photoperiod under a combination of natural
light and cool white fluorescent tubes at a light intensity of 60 uMm-2s". For in vitro mi-
cropropagation, nodal segments of in vitro seedlings were subcultured monthly in the
culture medium described above.

4.2. Colchicine Treatments and Acclimatization

Segments of 21-day-old blueberry seedlings were subcultured on micropropagation
medium containing colchicine 1 mg/L and maintained under in vitro conditions for 1 day,
2 days, 3 days, 5 days and 30 days (treatments). Each seedling regenerated from individual
shoots was considered as an independent clone. Each clone was carefully individualized,
washed in water and planted in 128-cell plug trays (cell volume 25 cm?) containing a mix-
ture of pine compost and zeolite (2:1). The trays were kept in the greenhouse, and the
relative humidity was gradually reduced: 90% — 80% — 70% at 10-day intervals under
natural photoperiod. Clones that survived transplanting under greenhouse conditions
were evaluated for 6 months for the following characteristics: plant vigor, leaf shape, ax-
illary bud distribution and leaf coloring. After 1 year, the clones were planted under field
conditions with their respective identifiers.

4.3. Data Processing in the Field Trial

A correlation study was carried out for the different characteristics evaluated in the
field phase. An algorithm was constructed in R code with the software RStudio
(2021.09.1+372) for the generation of cloud graphs contrasting the characteristics evalu-
ated in all the clones regenerated in colchicine.

4.4. Sample Processing

For blueberries already established in field conditions, three to four leaves were col-
lected from a total of 38 plants showing the highest contrast and agromorphological vari-
ability in the characteristics of dominant leaf coloring, number of apical leaves, number of
stems, presence or absence of fruit, plant height and stem diameter (Figures 1 and 2) to
proceed to RNA extraction. Collected leaves were crushed in a mortar with liquid nitro-
gen; samples were macerated to a powder and transferred to a sterile tube containing
RNA extraction lysis buffer using the Spectrum Total Plant RNA Kit (Sigma Aldrich,
Louis, MO, USA). Procedures followed the manufacturer’s instructions. RNA quality was
verified by 1% agarose gel electrophoresis running at 80 volts initially and then 100 volts
for one hour. RNA purity and concentration were measured in a Nanodrop spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA). In total, high-quality RNA was
obtained from 26 different clones. RNAs that were not visualized on the agarose gel were
removed from the study.
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4.5. cDNA Synthesis

The AffinityScript QPCR kit (Agilent, Santa Clara, CA, USA) was used to produce
cDNA from blueberry plant RNA according to the manufacturer’s instructions. After
measuring the purity and concentration of RNAs, each sample was diluted to a concen-
tration of 40 ng/pL, and 5 pL (200 ng) was used for cDNA synthesis. The reaction mixture
contained 10 uL of master mix (2x), 3 uL of DT oligo or random primer, 1 pL of RT/RNAsa
affinity sequence and 1 uL of sterile RN Asa-free water, for a final volume 20 pL. Reactions
were incubated at 25 °C for 5 min, 42 °C for 45 min and 95 °C for 5 min. The cDNAs were
kept at —20 °C throughout the study.

4.6. Primer Design and cDNA Viability Testing

For primer design of the GAPDH, ATP1, NADH, RPOB and COX2 genes, the PRI-
MER-BLAST program (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 30
July 2022) was used in its default settings. The reference genomes were Vaccinium myrtillus
(GAPDH) and Vaccinium macrocarpon (ATP1, NADH, RPOB and COX2). All primer char-
acteristics are summarized in Table 2.

To determine the conditions of use for each primer, PCR reactions were carried out
in a final volume of 10 uL, using 1 pL of cDNA (control), 0.2 uM of each primer, 0.4 mM
dNTPs, 5 mM MgCl, 1X of 10X Buffer and 1.5 U of Tagq-DNA polymerase enzyme. PCR
products were verified by 1% agarose gel electrophoresis at 80 V for 5 min and then 100
V for one hour. After assessing the specificity of the primers in single fragment amplifica-
tion, all cDNAs were assessed for viability using the GAPDH primer set. All 26 cDNAs
were suitable for use in our study.

4.7. Analysis of Primer Activity and Efficiency

For the qPCR assays, the efficiency of the primers (90-110%) was verified with a cor-
relation factor R? equal to or greater than 0.985 and a slope between -3.1 and -3.6. To
perform the standard curve and determine the efficiency of the established primers
(GAPDH, ATP1, NADH, RPOB and COX2), control samples (triplicate) were used. To
achieve these objectives, serial dilutions of 10-1, 102, 103, 104, 105 and 1076 of preliminary
gPCR product were performed. For subsequent analyses, the set of primers showing the
above conditions was used.

4.8. Stability Analysis for Use as Reference Genes

To test the potential for use as reference genes in other gPCR assays, an analysis was
performed in the RefFinder software (https://www .heartcure.com.au/reffinder/, accessed
on 5 August 2022). For the analyses, the absolute Cqs of each gene separated by treatment
and with all treatments were used. According to the program protocol, it uses GeNorm,
NormFinder, BestKeeper and the Delta-Ct comparative method) to compare and rank the
candidate reference genes. Based on the rankings of each program, it assigns an appropri-
ate weight to an individual gene and calculates the geometric mean of their weights for
the final overall ranking. Therefore, RefFinder offers the study of the stability of the refer-
ence gene expressed in an M-score, where if the value found is below 1.5-2.0, the primer
is stable for use as a reference primer in gene expression assays.

4.9. Statistical Analysis for Gene Expression Assays

Statistical analysis was performed using Prism version 5 software. Analysis of vari-
ance for samples with non-parametric distribution (Kruskal-Wallis test) was used to de-
tect the likely differential expression in colchicine-treated samples relative to control sam-
ples. Absolute expression was obtained by averaging the Cq (TC) of each gene for each
treatment (1 day, 2 days, 3 days, 5 days and 30 days). Relative expression was obtained
by Delta-Delta-CT methodology, where the expression of the ATP1, COX2, MATK, NADH
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and RPOB genes was assessed in comparison with control samples and the expression of
the GAPDH gene, which was used in this analysis as a reference gene.

5. Conclusions

When analyzing the likely changes at the molecular level, the initial periods (1-5
days) of colchicine treatment could promote variation in gene expression of regenerated
clone genes for specific genes such as ATP1, COX2, GAPDH, MATK, NADH and RPOB.
However, prolonged exposure (30 days) could decrease the expression of the genes stud-
ied.

In gPCR assays using blueberry clones with phenotypic variability, high efficiency
was demonstrated using primers designed for ATP1, COX2, GAPDH and MATK genes. In
addition, the GAPDH, ATP1, NADH and COX2 genes showed high stability, validating
their potential use as reference genes for gene expression assays in Vaccinium plants.
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