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Abstract: Stability of Rosa agrestis, R. canina, R. dumalis and R. rubiginosa regenerants after shoot tip cryopreservati-
on was monitored with the use of biochemical markers and pollen quality assessment in matured plants cultivated in
the field. The results of rosa pollen and hip evaluation revealed no significant differences between post-cryopreserved
regenerants and control plants; however, variations in the assessed markers were noted between Rosa species. Analyses
of hips confirmed high levels of vitamin C in these plants; the highest was observed in R. dumalis (750-870 mg/100 g
fresh weight). High total antioxidant activity (TAC) was as follows: DPPH — 50-250 mM TE/100 dry weight, FRAP —
80-180 mM TE/100 g dry weight. The present study showed a high content of flavonoids (TFC) and phenols (TPC).
Post-cryopreserved plants retained pollen specific for Caninae: numerous anthers, abundant pollen, poor pollen ger-
mination and viability and typical pollen morphology. This study demonstrates new tools for evaluating the fidelity of
post-cryopreserved regenerants.
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The genus Rosa contains approximately 100 spe-
cies that are widely distributed in Europe, Asia,
the Middle East, and North America. Roses from
the section Caninae are one of the most important
among wild grown species in Europe. Rosehips (hy-
pantia) have traditionally been used for food and
medicinal purposes in all Carpathians and Balkan
countries, consumed fresh or as variously pro-
cessed products (QUAVE, PIERONI 2015; STANILA
et al. 2015). Recently, fruits of wild roses have been
the focus of several studies due to their human nu-
traceutical properties and beneficial health effects,
resulting from the abundance of fruit extracted
compounds, such as polyphenols (flavonoids, an-
thocyanins), carotenoids, vitamin C, vitamin E and

90

their immense antioxidative potential. The clini-
cal efficacy of rose hip properties has been utilized
in many pharmaceuticals and cosmetics, having a
great impact on novel European foods, diet supple-
ments and drug trade (ROMAN et al. 2013; NYBoOM,
WERLEMARK 2017).

There is a large genetic biodiversity among Rosa
species from Caninae, which consists mainly of
pentaploids (characterized by specific meiosis)
with uneven chromosomal contribution from both
parents. Those species are self-fertile, sometimes
apomictic, they have reduced pollen viability and
germination (NyBoMm et al. 2005). Pollen quality
is usually very low in the section Caninae, as the
percentage of empty pollen grains varies from 30
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to 70%. Pollen grain image analysis with the use
of SEM methods is very well documented and
provides useful diagnostic criteria for taxonomy
and sectional level of wild roses (ErRcisLi 2007a;
WRONSKA-PILAREK 2011; FATEMI et al. 2012).

The intervention of biotechnological tools will
be beneficial for the conservation of roses, as the
natural source of important health-promoting
substances. For long-term preservation, cryogenic
storage is the only method available. Maintaining
genetic stability of plants regenerated after cryo-
preservation is important to ensure sustainable use
of conserved resources in the future. Biochemical
markers are one of the scientifically validated tools
applied to prove the fidelity and integrity of regen-
erants after cryopreservation. Usually, secondary
metabolites are of crucial importance for medicinal
plants. In post-cryopreserved regenerants the con-
centrations of proline, carotenoids and hypericin
were determined in Hypericum perforatum (SKYBA
et al. 2010), and the accumulation of malondialde-
hyde (MDA), free radicals (ROS), phenols and fla-
vonoids in Hypericum rumeriacum (YORDANOVA
et al. 2011), while 35 different biochemical com-
ponents in Chrysanthemum morifolium (B1 et al.
2016) and bacoside A content in Bacopa moninieri
(SHARMA et al. 2017). It is also important to evalu-
ate field performance and plant functions, but up to
now, studies on these topics are rather limited. There
are works on papaya clones (Ka1Ty et al. 2009, 2013)
and Argyranthemum in the reproductive growth
phase (ZHANG et al. 2015). Those observations did
not prove any adverse effects on morphology and
plant biochemical activity in regenerants.

We have previously reported a successful and
efficient droplet vitrification cryopreservation of
Rosa agrestis, R. canina, R. dumalis and R. rubigi-
nosa, and assessed the morphological markers of
regenerants in vitro. After shoot tip cryopreserva-
tion, 95-100% of axillary shoots were propagated,
rooted and successfully acclimatised. Phenotype
biometric examination during the in vitro growth
stage did not reveal any morphological abnor-
malities compared with non-cryopreserved plants
(PAWELOWSKA, SZEWCZYK-TARANEK 2015). The
observations described here are the last step of inte-
grated study scheme of complete cryopreservation
procedure, describing the quality of matured, four-
year-old roses after shoot tips cryopreservation in
field conditions. The present study was, therefore,
conducted to assess the stability and confirm “true

to type” of regenerants from cryopreserved shoot
tips with the use of biochemical markers and pollen
quality characteristics. In order to implement the
complete Rosa cryopreservation procedure to gene
banks, long-term monitoring of regenerants has to
be accomplished.

MATERIAL AND METHODS

Plant material. Pollen and hypanthia from field
cultivation of rose regenerants after shoot tip cryo-
preservation were analyzed. The study covered four
species of wild roses from the section Caninae:
fieldbriar rose Rosa agrestis Savi, dog rose R. cani-
na L., glaucous dog rose R. dumalis Bechst. and
sweetbriar rose R. rubiginosa L. Shoots regenerat-
ed from in vitro culture without cryopreservation
were designated as the controls. Shoot tips of roses
that survived droplet vitrification cryopreservation
were subsequently subject to in vitro propagation,
rooting and acclimation (PAWLOWSKA, SZEWCZYK-
TARANEK 2015). Microplants were potted in pots
(& 10.5 cm) filled with TS2 substrate (Klasmann-
Deilmann) at pH 6.0, mixed with sand in a 3:1 ra-
tio, and cultivated in the greenhouse for 12 months
(April 2012 to April 2013), 80 plants of each com-
bination. Plants were overwintered in a non-heated
polyethylene greenhouse. In the springtime, roses
were transplanted to the field (Fig. 1a) at the Ex-
perimental Station of the Department of Pomology
and Apiculture in Garlica Murowana (GPS 50.140,
19.930). Twelve plants were randomly selected
out of the greenhouse plot from each combina-
tion (Fig. 1b). Rose bushes did not bloom in the
first year of cultivation (Fig. 1c); in the second year,
there were few flowers observed. Roses (Fig. 1d)
reached full flowering and fruiting potential in the
third year of field cultivation, and this material was
collected for analysis (Fig. 1e, f).

Standard agronomic practices were followed for
raising the crop: spring and summer weeding and
chemical protection for mildew (0.05% Domark
100EC in May, 0.15% Tiofan 500SC in June). The
experiment concerning the field performance was
set up based on a completely random design.

Pollen characterization. Ten flowers (stage of
bursting bud) were collected from each plant on a
rainless day, at the end of May, and the number of
anthers per flower was counted. The anthers were
cut off from the filament and air dried for 12 h in
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Fig. 1. Roses regenerants after shoot tips cryopreservation: (a) container cultivation in greenhouse; (b) establishment

of openfield trial; (c) 1** year of field cultivation; (d) 3" year of cultivation, plant material for assessment regenerants

fidelity; Rosa dumalis samples collected for experiments: (e) flowers; and (f) hips.

open Eppendorf at 23°C. The numbers of pollen
grains per anther were determined using a hemo-
cytometer in six replicates (BIENIASZ et al. 2017).
The pollen viability was assessed according to the
ALEXANDER (1969) method. Pollen germination
capacity was determined in vitro on 0.6% agar me-
dium and 15% sucrose. Fresh pollen was dusted
directly on the medium in sterile Petri dishes and
incubated at 24°C for 24 h to stimulate germina-
tion. The germination criterion was a well-formed
pollen tube, which was three times longer than the
pollen diameter. All observations were made in
5 replicates, each 200 grains and the experiment
was repeated twice. Observations were made using
electronic imaging (LM microscope Carl Zeiss Im-
age M2 AXIO, Axio Vision 2.0).

For scanning electron microscopy (SEM), the
sampled air dry pollen grains were mounted on
stubs, 12.5 mm in diameter, and then sputtered
with approximately 25 nm of chrome. Specimens
were examined and photographed with a Phenom-
World PRO scanning electron microscope.

Rose hip phytochemical composition. Fruits
(100 per combination) were collected according to
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the uniformity of shape and colour. Achenes were
discarded, and fruit flesh was used for vitamin C
analysis, while the remaining were stored in poly-
ethene bag at —20°C for 30 days until analyses (total
antioxidant capacity — TAC, total flavonoids con-
tent — TFC and total content of phenols — TPC).

The concentration of ascorbic acid was deter-
mined by high-performance liquid chromatog-
raphy (HPLC), according to AryA et al. (2000).
Cleaned fresh hips of rose species were homoge-
nized. For analyses, 5 g of the mixture was homog-
enized in a blender with 20 ml of 0.1M oxalic acid.
The homogenate was filtered and topped up with
oxalic acid to a volume of 100 ml. Then, 20 ml of
mixture solution was centrifuged at 3,500 rpm for
10 minutes. The supernatant was filtered through a
microfilter (PVDF 0.45 micrometre) and used for
the measurements. The analyses were performed by
RP-HPLC (ECOM, 1998) at 254 nm using a UV-VIS
detector. The amount of ascorbic acid is expressed as
mg/100 g fresh weight (FW).

Extracts for TAC, TFC and TPZ determination
were prepared according to SHAN et al. (2005). Fro-
zen and homogenized plant material (1 g) was ex-
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tracted using 75% methanol. After 24 h of extrac-
tion at room temperature, samples were filtered
through filter paper (2R80; 80 + 4 g/m?) and stored
in a refrigerator until further analysis. The total an-
tioxidant capacity (TAC) was determined by DPPH
and FRAP methods.

DPPH radical scavenging assay. The assay is
based on the relative antioxidant activity to quench
the radical DPPH" cation (2,2-diphenyl-picrylhy-
drazyl). The purple-coloured radical changes into
yellow reduced DPPH after reaction with radical
scavenger. DPPH solution (100 uM/1) was prepared
in methanol. Two hundred ml of the extracts was
added to 3.8 ml of DPPH solution. After 30 min-
utes of incubation at room temperature, the ab-
sorbance was measured at 515 nm. The standard
curve was prepared using different Trolox concen-
trations. The results were expressed as mM Trolox
equivalent per 100 g of dry weight (DW) (mM
TE/100 gDW) (ZLOCH et al. 2004).

Ferric reducing antioxidant power (FRAP). The
FRAP method is based on the reduction of the fer-
ric complex to its ferrous coloured form in the pres-
ence of antioxidants. A mixture of acetate buffer
(pH 3.6), TPTZ and ferric chloride (10 : 1 : 1) was
made to prepare the FRAP reagent. Fifty ul of Trolox
was added to 4 ml of the reagent. The reaction was
monitored after 10 min at the absorption maximum
of 593 nm. Trolox solution was used to make cali-
bration curves. The results were expressed as mM
Trolox equivalent per 100 g of DW (mM TE/100 g
DW) (ZLocH et al. 2004).

The content of total phenols (TPC) in each metha-
nol extracts was determined according to the Folin-
Ciocalteu procedure (LACHMAN et al. 2006). All
extracts were obtained from 1 g of plant material.
The diluted methanol extract (0.5 ml) was mixed
with 9 ml of distilled water and 1 ml of Folin-Cio-
calteu reagent and allowed to stand at room tem-
perature for 10 min. Sodium bicarbonate solution
(10 ml, 7%) was added to the mixture and incubat-
ed at room temperature for 90 min, and absorbance
was measured at 765 nm using a spectrophotom-
eter (JENWAY 6100). The total phenolic content
was expressed as mg Gallic Acid/100 g dry weight
(mg GAE/100 g DW).

Determination of total flavonoids (TFC). The alu-
minium chloride spectrophotometric method was
used to determine the total content of flavonoids
(ZLocH et al. 2004). The diluted methanol extract
(0.5 ml) was mixed with 1.5 ml of distilled water and

0.2 ml NaNO, (5%) and kept at room temperature
for 5 minutes. Aluminium chloride solution (0.2 ml,
10%) was added to the mixture, shaken vigorously
and incubated for 5 min. Finally, sodium hydrox-
ide solvent (1.5 ml, 1M) and 1 ml of distilled water
were added to the mixture, shaken and incubated for
15 minutes. The absorbance was measured at 510 nm,
using a spectrophotometer (JENWAY 6100). The
total flavonoid content was expressed as mg cat-
echin/100 g dry weight (mg CE/100 g DW).

Statistical data analysis. The experiments were
set as a completely randomized design with three
replicates. Data were subjected to the analysis of
variance (ANOVA) and means were separated by
Duncan multiple range test at the significance level
of P <0.05.

RESULTS AND DISCUSSION

Cryopreservation is the main technique used to
conserve plant natural resources that assumes that
tissues stored in liquid nitrogen retain their prop-
erties (Ruzi¢ et al. 2014; Kurus, MIKULA 2016).
Much attention is devoted to cryopreservation
techniques, but the issue of genetic stability of bio-
logical material is not always explained by scientists.
The reliability of cryopreservation protocol is es-
sential for its practical application and includes the
last step of monitoring true to type regenerants us-
ing genotypic and phenotypic markers, monitoring
of biochemical status and assessment of generative
reproduction functions (HARDING 2004; KAITY et
al. 2009; MARTIN et al. 2015). Evaluation of these
features has become an essential part of developing
new plant cryopreservation protocols. The priori-
ties of our scientific cryopreservation program of
biodiversity protection of Rosa natural resources in
Central Europe assume the following steps: (1) suc-
cessful and efficient cryopreservation protocol; (2)
monitoring the fidelity of plants regenerated after
shoot tip cryopreservation (PAWLOWSKA, SZEWC-
ZYK-TARANEK 2014, 2015); (3) continuation of pre-
vious studies is now the first report on the stability
of matured Rosa regenerants with the use of bio-
chemical markers and pollen quality assessment.

To investigate the pollination potential we esti-
mated pollen quantity and viability as well as pol-
len germination capacity. The examined species of
roses differed statistically in terms of pollen char-
acteristics (anther per flower, pollen per anther,
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Table 1. Pollination potential of rose regenerants from cryopreserved shoot tips

Genotype Treatment  Anthers per flower Pollen per anther  Pollen viability (%) Pollen germination (%)
) control 89.8 + 7.4 2,075 + 217°¢ 64.6 + 3.2° 63.0 + 4.0°
R. agrestis b b b
cryo 86.8 + 14.5"¢ 2,160 + 496.45"¢ 69.7 + 6.8¢ 68.0 £ 2.0¢
) control 94.5 + 3.4¢ 2,550 + 182.03¢ 54.6 + 6.6* 36.0 + 3.0*
R. canina b b b
cryo 76.5 + 9.5% 1,742 + 635.31° 52.8 +5.7% 39.0 £ 5.0*
control 73.3 +3.2% 2,245 + 778b¢ 75.9 + 3.9¢ 35.0 + 4.0*
R. dumalis b
cryo 70.5 + 3.32 1,750 + 331* 74.3 + 4.9¢ 36.0 + 4.0*
control 93.3 + 8.8¢ 1,845 + 458*¢ 71.9 + 2.5 47.3 + 6.0

R. rubiginosa

1,140 + 269° 752 + 1.1°¢ 42.7 +2.1%

cryo 95.5 + 8.4°¢
Significance of factors and their interaction estimated by ANOVA
Genotype ik
Treatment ns
Genotype x treatment ns

ns ns

ns ns ns

‘means * standard deviations within a column followed by the same letter are not significantly different according Dun-

can’s multiple range test at a = 0.05; *significant effect: **a

and pollen viability and germination). There were
no differences between postcryopreserved regen-
erants and control, except for Rosa canina, where
postcryopreserved regenerants had fewer anthers
per flowers and less pollen per anther (Table 1).
Similarly, the quality of pollen did not depend on
the origin of the plant, but on the genotype. The
smallest pollen viability was noted in R. canina and
its pollen also germinated poorly. The pollen of
R. agrestis showed the best germination (Table 1,
Fig. 2a, b). The plants regenerated after cryopreser-
vation retained typical features for roses from the
section Caninae, i.e., poor germination and pollen
viability and characteristic pollen grain structure. It
has been reported that the male meiosis in Caninae
roses is often unsuccessful and that pollen quality
in this section is very poor, and a great number of
malformed, collapsed pollen grains, usually with-
out cytoplasm have been reported (ErcL1 2007a).
The results of the study of WrRoONSKA-PILAREK and
TOMLIK-WYREMBLEWSKA (2010) confirmed that
pollen viability had different values ranging from
29.43% in R. agrestis to 54.56% in R. rubiginosa. Ac-
cording to those authors, R. dumalis and R. rubigi-
nosa seemed to have the most viable pollen. After
testing the germination of rose pollen grains, they
found that R. agrestis pollen demonstrated the best
germination (in 10.26%), while R. canina exhib-
ited the lowest germination percentage of 2.65%
(WRONSKA-PILAREK, TOMLIK-WYREMBLEWSKA
2010), which was confirmed in our study. SEM
observations revealed large and fully developed
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t P < 0.05; ***at P < 0.01; ns — not significant

pollen grains (mean 40 pum), but also significantly
smaller (2-3 times shorter) and not completely de-
veloped pollen. The basic shape of pollen grains is
subprolate and trizonocolporate aperture consist-
ing of 3 ectocolpi and 3 endospores located in the
middle part of ectocolpi (Fig. 2c—e). Striate sculpt-
ing is the main ornamentation of pollen grains,
similar to other Rosaceae, which is consistent
with WRONSKA-PILAREK (2011) and FATEMI et al.
(2012) observations.

Analyses of pro-health properties of rose hyp-
anthia (vitamine C, TAC DPPH, TAC FRAP, fla-
vonoids and phenols) did not show differences
between post-cryopreserved regenerants and
controls. At the same time, we found differences
between the tested genotypes. However, it was
observed that R. dumalis and R. rubiginosa regen-
erants after cryopreservation had less vitamin C, as
compared to control (Table 2). The highest content
of vitamin C was observed in R. dumalis hypanthia,
statistically fewer in R. agrestis. R. canina, and R.
rubiginosa hypanthia contained less vitamin C (by
40-60%) than R. dumalis hypanthia. The analysis
of vitamin C content has confirmed that hypanthia
are rich in this compound, but slight differences in
the contents may depend on exposure to light and
crop conditions. In the available literature, there
are many reports on high vitamin C content, e.g.,
a small fruit group, rose deep-coloured hips, are an
excellent source of vitamin C. According to obser-
vations, the concentration of vitamin C in rose hips
from Caninae varies from 400-900 mg/100 g FW
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Fig. 2. Rosa dumalis pollen quality observations: (a) viability, fuchsia colour viable; (b) germination; SEM micrographs:
(c) pollens sample; (d) smaller, not completely developed pollen grain; (e) large and fully developed pollen grain, in
equatorial view

and depends on the genotype and cultivation (Er- The high antioxidant activity of rose hips is an-
c1sL1 2007b; ALp et al. 2016). These values are simi-  other important trait of interest. Measurements of
lar to the values obtained in our experiment. antioxidant properties showed the difference re-

Table 2. Bioactive content and antioxidant activity of rose hips of rose regenerants from cryopreserved shoot tips

Vitamin C TAC DPPH TAC FRAP TEC TPC
Genotype Treatment
mg/100 g FW mM TE/100gDW  mM TE/100 g DW mg CE/100 g DW mg GAE/100 gDW
R. agresti control 553.9¢" 50.0° 102.5% 13.2 52.9
FOETEHS  vo 589.2¢ 71.6° 79.72 11.42 44.74
R caning control 254.0° 175.8° 182.8¢ 38.1b¢ 77.9°
' cryo 308.5% 158.8° 171.2¢ 42.6° 82.6°
R dumalis <" 869.5° 181.3° 165.6¢ 39.7b 101.9¢
' crvo 761.74 255.4¢ 168.9¢ 38.9b¢ 108.1¢
y
R rubicinosa control 382.7P 153.0 117.2° 32.7° 75.0°
’ 8 cryo 268.2° 165.9° 127.2° 41.5¢ 81.3°
y
Significance of factors and their interaction estimated by ANOVA
GenOtype ek # ek ek ok ek
Treatment ns ns ns ns ns
Genotype x treatment e h ns ns ns

‘means * standard deviations within a column followed by the same letter are not significantly different according Duncan’s
multiple range test at o = 0.05.;#significant effect: **at P < 0.05; ***at P < 0.01; ns — not significant; TAC DPPH - total
antioxidant activity; TFC — total flavonoids content; TPC - total content of phenols; TE — Trolox equivalent; CE — cat-
echin/100 g DW; GAE - Gallic acid equivalent
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sulting from the origin of regenerants only in two
cases. Namely post-cryo regenerants of R. dumalis
had a 30% higher DPPH, and the level of flavonoids
in R. rubiginosa was also about 30% higher in post-
cryo regenerants. The highest value of DPPH and
FRAP was recorded for R. dumalis and R. canina
hypanthia, R. agrestis showed the lowest antioxi-
dant properties, which also had the lowest level
of DPPH and FRAP. Total phenol content was the
highest in R. dumalis, regardless of the origin of re-
generants; generally, this species was characterized
by the best parameters of vitamin C content and
antioxidant properties. The high level of bioactive
content in R. dumalis was emphasized in the litera-
ture (ALP et al. 2016). Rose hips are known to have
the highest antioxidant activity, which plays an
important role in maintaining fruit quality (CHRU-
BASIK et al. 2008). Our findings were consistent
with the results obtained by other authors, as all
our samples exhibited strong antioxidant activity
(Alp et al. 2016; TANEVA et al. 2016). Physiological
functions of Rosaceae fruits may be partly attrib-
uted to their high phenolic content. R. canina was
shown to contain phenolics at the level of 96 mg
GAE/g DW (Ercist1 2007b), which is in accord-
ance with our results. Total phenolic contents of
rose species in our experiment were found to range
from 50 mg GAE/100 g DW (R. agrestis) to 105 mg
GAE/100 g FW (R. dumalis) (Table 2).

The research results published so far in the litera-
ture have proven that the regenerants obtained after
cryopreservation repeat the characteristics of mater-
nal plants. Information on field performance of plants
after cryopreservation is crucial for conservation in
gene banks of true to type plants, tested for genetic
fidelity. Our observations proved that cryopreserva-
tion did not alter the biochemical quality of hips and
pollen properties of roses regenerants. This work has
contributed to the possibility of a wider and safer ap-
plication of cryopreservation methods to protect the
biodiversity of wild European roses, plants with po-
tential pharmaceutical and medicinal use.
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