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Abstract

Background: Ultraviolet-B (UV-B) radiation can affect several aspects ranging from plant growth to metabolic
regulation. Maca is a Brassicaceae crop native to the Andes growing in above 3500 m of altitude. Although
maca has been the focus mainly due to its nutraceutical properties, it remains unknown how maca plants
tolerate to harsh environments, such as strong UV-B. Here, we present the first study that reports the physiological
responses of maca plants to counteract and recover to repeated acute UV-B irradiation.

Results: In detail, plants were daily exposed to acute UV-B irradiation followed by a recovery period under controlled
conditions. The results showed that repeated acute UV-B exposures reduced biomass and photosynthetic parameters,
with gradual senescence induction in exposed leaves, reduction of young leaves expansion and root growth inhibition.
Negative correlation between increased UV-B and recovery was observed, with marked production of new biomass in
plants treated one week or more.

Conclusions: A differential UV-B response was observed: stress response was mainly controlled by a coordinated
source-sink carbon allocation, while acclimation process may require UV-B-specific systemic defense response
reflected on the phenotypic plasticity of maca plants. Moreover, these differential UV-B responses were also

suggested by multifactorial analysis based on biometric and physiological data.

Keywords: Chlorophyll fluorescence, Gas exchanges, Maca, Multiple factorial analyses, Stress, Ultraviolet-B

Background

Maca (Lepidium meyenii Walpers or Lepidium peruvianum
Chacoén) is a Brassicaceae crop and herbaceous plant native
to the central highlands of Peruvian Andes. The plant con-
sists of frilly leaves forming a tight rosette, and an enlarged
fleshy underground organ made up of the taproot and
hypocotyl commonly referred to as ‘hypocotyl’ [18]. Since
pre-Columbian times, maca hypocotyls have not been only
used as food due to its nutrients content, but also as trad-
itional medicine [6]. Several active components have been
identified in the hypocotyls including glucosinolates, maca-
mides, macaenes, sterols, phenolics, essential oils (mainly
phenylacetonitrile) and polysaccharides, which are re-
lated to their medicinal properties [19]. Recently,
maca has gained attention due to its potential health
benefits which make it an attractive plant for the
nutraceutical industry [3].
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Maca is the only Lepidium species which shows robust
resistance to extreme environmental stresses growing at
elevations of 3500 to 4500 m above the sea level where
only highland grasses and few hardy potatoes can sur-
vive. Its ecosystem is characterized by freezing tempera-
tures, high humidity, strong wind, high ultraviolet (UV)
radiation, and relative infertile and rocky soil [26]. UV-B
radiation represents a small fraction of the solar
spectrum; however, its high energy photons have a sub-
stantial impact on living organisms [22]. Exposure to
UV-B has multiple effects on plants including photo-
morphogenesis and damaging responses mediated by
UV-B-specific and nonspecific signaling pathways. Thus,
low doses of UV-B mainly induce photomorphogenic
changes via the UV-B RESISTANCE LOCUS 8 (UVRS)
photoreceptor, while high doses cause damage to bio-
molecules by the production of reactive oxygen species
(ROS) that activate additional stress signaling such as
DNA damage signaling, defense and wound signaling,
and hormone signaling pathways [8, 9, 13, 34]. However,
these UV-B mediated responses are not mutually
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exclusive; even more tend to overlap depending on the
threshold doses of species [33].

Although maca has been the focus of recent attention
mainly due to several studies on its nutraceutical proper-
ties, it remains unknown how maca plants tolerate to
harsh environments, such as strong UV-B radiation.
Interestingly, a recent genomic study identified some du-
plicated genes with functions in morphological adapta-
tion and abiotic response in maca plants under natural
environment [40]. Therefore, the objective of the present
study is to evaluate the physiological traits of this im-
portant crop in response to UV-B. To this aim, maca
plants of the same age were daily exposed to acute UV-B
irradiation (1, 3, 7, 10 or 14 days) followed by a recovery
period of 2weeks under controlled conditions. Com-
parative physiological responses, including biomass, car-
bohydrates, fluorescence parameters of photosystem II
(PSII) and gas exchanges, were evaluated in both un-
treated and UV-B treated plants before and after recov-
ery. Here, we presented the first study that reports the
physiological responses of maca plants to counteract and
recover to repeated acute UV-B irradiation.

Results

Biometric analysis

Maca plants exposed to UV-B irradiation showed a clear
reduction of total fresh weight (FW) in comparison to
the control which was highly pronounced with the ir-
radiation time (Fig. 1a). Evaluation of the ratio between
the FW of epigeal with respect to hypogeal organs re-
vealed that plants irradiated with UV-B for 1 and 14 d
showed lower but not significant difference in compari-
son with that of the control and 3 d UV-B, while their
ratio were significantly lower than 7 and 10 d UV-B
exposed plants (Fig. 1b). UV-B treated plants after 2
weeks of recovery under control conditions showed
different total FW pattern with respect to the results
obtained just after treatment. UV-B irradiation for 1
d resulted in an increase of FW in comparison to
the control plants, while other UV-B exposition pe-
riods resulted in a decrease of FW (Fig. 1c). Evalu-
ation of the FW ratio between epigeal and hypogeal
organs after 2weeks of recovery did not show sig-
nificant differences between UV-B treated and con-
trol plants (Fig. 1d).

Total soluble sugars

UV-B irradiation in maca plants resulted in a significant
and gradual decrease of total soluble sugars (TSS) con-
tent in comparison to that of the control when expos-
ition time was prolonged (Fig. 2a). Similar pattern was
observed when the content of TSS was expressed per
FW of corresponding organ (Fig. 2b), which was tightly
correlated with the steady reduction in FW of treated
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plants with respect to the control (Fig. 1a). Recovery test
in UV-B treated plants showed a general increase of TSS
with respect to plants just after treatment; however,
these values were lower in comparison to the control,
rising to the lowest level in 14 d treated plants (Fig. 2c).
Similar results were obtained when TSS content was
expressed per FW of corresponding organ with a general
reduction during the UV-B exposition in comparison to
the control (Fig. 2d). Moreover, the distribution of TSS
between source and sink tissues after recovery were
more evident when it was expressed per organ than FW
(Fig. 2¢, d).

Starch content

Hypocotyls of control plants contained the highest
amount of starch in comparison to treated plants, which
showed approx. 30% of control level in plants exposed
to 1, 3, 7 and 10 d UV-B and reached to the lowest
starch level when UV-B exposition was extended to 14 d
(Fig. 3a). A gradual reduction of starch content was
observed in UV-B irradiated plants with respect to the
control when starch was expressed per FW of organ
(Fig. 3b). Results after recovery showed that only 1
d-treated plants contain higher starch level than the
control, while the other UV-B treated plants showed
similar starch level as the control (Fig. 3c). Evaluation of
starch content after recovery expressed per FW of organ
revealed that 1 d-treated plants contain the highest
starch level (twice with respect to the control), while 3
and 14 d of treatment presented the lowest starch con-
tent (approx. 60% of control or 30% of 1 d-treated
plants), and 7 and 10 d-treated plants contained similar
starch level as the control (Fig. 3d).

Chlorophyll a fluorescence

Evaluation of chlorophyll a fluorescence parameters
showed that UV-B exposure strongly decreased the max-
imum PSII photochemical efficiency (F,/F,,) with respect
to the control with a clear negative effect on the actual
photon yield of PSII photochemistry (®psy;) values which
gradually decreased with the exposition time (Fig. 44, b).
Recovery of UV-B-treated plants showed that F,/F,, par-
ameter was restored to optimal level without differences
with respect to the control (Fig. 4c). However, ®pgy; in 7,
10 and 14 d-UV-B treated plants after recovery showed
the highest values, followed by control, 1 and 3 d-UV-B
treated plants (Fig. 4d).

Leaf gas exchange

Gas exchange analysis showed a gradual decrease of
CO, assimilation rate (A) with the UV-B exposition time
leading to significantly lower values than the control
(Fig. 5a). Conversely, the evaluation of intercellular CO,
concentration (C;) resulted in a gradual increase with
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Fig. 1 Effects of UV-B irradiation on biometric traits before and after recovery. Total FW (a, ¢) and ratio between FW of epigeal to hypogeal
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radiation. For recovery test, UV-B treated plants were transferred to control conditions for two weeks. Error bars represent the standard
error of the mean (n = 3). The different letters indicate significant differences between means tested using Tukey's HSD tests (P < 0.05). FW, fresh weight
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the UV-B treatment with the lowest values obtained in
control plants (Fig. 5b). Analysis of stomatal conduct-
ance (g;) and transpiration rate (E) did not present sig-
nificant differences between treatments and control
condition (Fig. 5¢, d). Evaluation of dark respiration (R,)
in UV-B treated plants showed a transient increase
reaching the highest value at 3 d, followed by a slight de-
crease at 7 and 10 d which were not significantly differ-
ent than the control, and a subsequent sharp decrease at
14 d of treatment (Fig. 6a). Differently, recovery of 1 d
UV-B treated plants showed lower but not significant
different A than the control, while increasing UV-B
exposition caused a gradual increase of A rising to
significant different values with respect to recovered
1d-treated plants (Fig. 5e). Similar pattern to A was
observed in the evaluation of g, and E after recovery
(Fig. 5g, h), while C; and R, values resulted in not
statistical differences between treated and untreated
plants after recovery (Fig. 5f, 6b).

Multiple factorial analyses

Multiple factorial analyses (MFA) revealed the relation-
ship between the exposure time fingerprints obtained
from biometric and physiological data recorded after

treatment and recovery. The coordinates of the four
groups of variables were displayed and used to create a
map of the groups (Groups representation; Fig. 7a, d).
The coordinates were calculated using the first two di-
mensions of the MFA (Dim 1 and 2 on the diagram),
which resumed 85.75 and 77.31% of the total variance of
the dataset. As to the contribution of individual groups
of variables after treatment, an overall equilibrium was
recorded for axis 1 (Fig. 7a). Different conclusions can
be drawn regarding the contribution of each group of
variables to axis 2. The contribution of gas exchange ap-
pears to be the most significant (39.64%), compared to
the low contribution of starch (10.27%), the latter the
least useful groups of variables for discriminating among
the analyzed exposure times on the axis 2 of the MFA.
These data can be read in the same way as data in a
normal PCA: the individual trait classes correspond to
the correlation coefficients between these variables and
the exposure time fingerprints, meanwhile the length
and the direction of the vectors are directly correlated to
their significance within each exposure time. Factorial
axis 1 (74.21% of the variance) clearly separated the indi-
viduals according to the exposure time, with the exception
of 7 and 10days of UV-B treatment (DOT) (Individual
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Fig. 2 Effects of UV-B irradiation on total soluble sugars (TSS) before and after recovery. TSS content expressed in umol g~ ' FW (a, ) and pmol
g’1 FW of corresponding organ (b, d) was determined in UV-B treated and control plants before (a, b) and after recovery (c, d). Treated plants
were exposed to 100 umol quanta m™?s~' and 6.08 k) m~2 d™ ' UV-B. UV-B was daily applied following a time course from 1 to 14 days. Control
plants did not receive UV-B radiation. For recovery test, UV-B treated plants were transferred to control conditions for two weeks. Error bars
represent the standard error of the mean (n=3). The different letters indicate significant differences between means tested using Tukey's
HSD tests (P < 0.05). FW, fresh weight

factor map; Fig. 7b). The hierarchical clustering pro-
vided by the MFA highlighted the overall performance
of the treatments obtained through the single analysis
of the biometric and physiological data (Hierarchical
clustering; Fig. 7c). The three phylogenetic trees show
that the control, 1 DOT, as well as 14 DOT are
clearly differentiated from the other treatments ana-
lyzed, while the treatments from 3 to 10 DOT cannot
be separated on the basis of their biometric and
physiological traits.

On the other hand, MFA revealed marked changes
after recovery. As to the contribution of individual
groups of variables, a general equilibrium can be still ob-
served for axis 1, although for axis 2, the contribution of
TSS appears as to be the most statistically significant
(66.59%) compared with starch (28.00%), and the other
variables (2.70% on average) (Fig. 7d). Both axes contrib-
uted to separate the exposure times, except the 1 DOT
that is clearly separated according to axis 1 (Fig. 7e).
The hierarchical clustering provided by the MFA after
recovery highlighted that 1 DOT clearly differentiated
from the other exposure times analyzed, 14 DOT share
more similarity to 10 DOT, while the control, 3 and 7

DOT clustered together on the basis of their biometric
and physiological traits (Fig. 7f).

Discussion
Since its initial reports in 1960s [18], maca has been the
focus of recent attention mainly due to several studies
on its nutraceutical properties [19]. However, no investi-
gations were performed in order to understand the
different strategies of maca plants to tolerate harsh envi-
ronments, such as strong UV-B irradiance. To the best
of our knowledge, this is the first study that reports the
physiological responses of maca plants to counteract and
recover to repeated acute UV-B irradiation. It should be
mentioned that in this study, we performed the experi-
ments under controlled conditions to exclude other
additional stresses that are common in the natural envir-
onment where this species is cultivated. In addition, the
unbalanced visible radiation/UV-B is an experimental
strategy commonly used (i.e. [11, 35, 39]) to magnify the
effect of a single stress in plants, which can be useful for
elucidation of response mechanisms.

Our results showed that repeated acute UV-B exposures
reduced plant biomass (Fig. 1) due to a gradual induction
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HSD tests (P <0.05). FW, fresh weight

of leaf senescence, reduction of young leaves expan-
sion and root growth inhibition (Additional file 1:
Figure S1). Leaf senescence phenotype might be re-
lated to ROS-triggered programmed cell death (PCD)
in well-expanded and UV-B-exposed leaves (Additional file 2:
Figure S2). In fact, ROS have been suggested as key in-
ducers of developmental and/or environmental PCD
[23]. Moreover, a recent review pointed that higher
natural and laboratory-applied UV-B doses can induce
ROS production, damage to cell membranes, proteins
and DNA through UV-B non-specific signaling path-
ways [2]. Thus, this ultimate PCD in response to
repeated UV-B irradiation might be associated with
the massive accumulation of ROS (Additional file 2:
Figure S2). Increasing UV-B exposition inhibited
young maca leaves expansion without visible stress
symptoms, but with a marked induction of serrated
leaves formation. It has been demonstrated the sensi-
tivity of leaf shape to environmental conditions in-
volving several molecular pathways [1]. For instance,
UV-B can induce changes on plant morphology via
specific signaling and/or generic-mediated pathways
[28]. Interestingly, a recent genome study of maca

grown at 4200 m of altitude in Yunnan (China) iden-
tified several genes involved in leaf morphogenesis
and UV-B stress response [40]. However, the effect-
iveness of maca serrated leaf in conferring protection
against UV radiation requires further investigation.
Our results also showed that prolonged UV-B expos-
ure reduced ®pgy; and F,/F,, values (Fig. 4), indicating
an inhibition of the photochemistry activity due to
detrimental effects on the functioning of PSIL. Moreover, a
reduction in photosynthetic CO, uptake was observed
without significant changes in stomatal conductance and
increased intercellular CO, concentration (Fig. 5), suggest-
ing that the decline in photosynthesis may be due to
non-stomatal factors associated with acute UV-B-induced
ROS deleterious effects on chlorophylls, PSII components
and Rubisco activity, which are also indicators of senes-
cence observed in the well-expanded leaves [15, 32]. Con-
sequently, low photosynthetic carbon fixation affects the
balance between carbon assimilation, storage and growth
in plants [31], a phenomenon observed in maca under
prolonged acute UV-B irradiation (Fig. 1-5). Thus, the re-
duction of underground biomass could be attributed to
the trade-off between carbon allocation to plant growth
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UV-B radiation. For recovery test, UV-B treated plants were transferred to control conditions for two weeks. Error bars represent the standard error of

the mean (n = 3). The different letters indicate significant differences between means tested using Tukey's HSD tests (P < 0.05)

and plant protection in response to UV-B irradiation.
However, we do not discard the possibility that maca
root growth inhibition may be induced by UV-B in-
creased antioxidants, such as flavonoids, which can
modulate phytohormones affecting root development
[20]. Interestingly, a transient increase of dark respiration
was observed with UV-B exposition from 1 to 10 days of
treatment (Fig. 6), which may be related to a higher energy
demand to counteract UV-B damages and to allow carbon
conversion to secondary compounds associated with
UV-B-absorbing compounds [41].

Since plants need to cope with irregular environmental
changes, such as occasional UV-B exposure under field
conditions, we evaluated the capacity of maca plants to
recover after UV-B irradiation. At first, control plants
showed an increase of underground biomass and a re-
duction of epigeal organ (Fig. 1) constituted of both new
and age-induced leaf senescence (Additional file 1:
Figure S1). This phenotype suggests that maca, at this
stage of development, apparently remobilized and relo-
cated nutrients from old leaves to new leaf development
and storage organs in a coordinated manner. Interestingly,
recovery of 1 d UV-B plants increased biomass with
respect to the control mainly due to their underground

organs (Fig. 1); moreover, they maintained similar photo-
synthetic efficiency like the control but promoting the
carbohydrate allocation in the reserve organs (Figs. 2-5).
This strategy is usually adopted by perennial plants in
which roots are important nutrients sinks that later are
used during the recovery after stress [29]. Taking into con-
sideration that maca is an herbaceous perennial plant, let
us to speculate that non-acclimated maca may ameliorate
the sudden acute UV-B irradiation through source to sink
allocation. A different response was observed in recovered
plants of 3 d UV-B, which highly decreased their biomass
(Fig. 1) with an accelerated leaf senescence process in
UV-B exposed and well-expanded leaves (Additional
file 1: Figure S1). This senescence acceleration may
be related to PCD in response to repeated UV-B ex-
posure associated with the accumulation of ROS.
Thus, maca plants seem to avoid ROS propagation by
the induction of PCD in affected organs (old leaves)
allowing nutrients remobilization to the development
of new leaves, as observed in other highland species
[37]. Interestingly, here maca did not allocate its re-
sources in the underground organs (Figs. 2 and 3),
like the control and recovered 1 d UV-B plants, prob-
ably due to a convergence between UV-B-specific and
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generic signaling pathways. We proposed that whereas
in old leaves an increase ROS production occurred,
new leaves may activate UV-B adaptation mechanisms
by a systemic defense response prior to emergence
[4], which at the same time may modulate the root devel-
opment [20]. Interestingly, 1 and 3 d-treated plants
showed a full recovery of PSII photochemistry (Fig. 4),
suggesting that plants activated UV-B-induced com-
pounds, such as flavonoids, antioxidants, etc. [16, 36],
which protect the photosynthetic apparatus from perman-
ent damage. Subsequent recovery in 7 to 10 d UV-B plants
showed a negative correlation between increased UV-B
and recovery with marked production of new biomass
(Additional file 1: Figure S1), suggesting a possible accli-
mation of maca plants to prolonged UV-B irradiation.
Moreover, a pronounced leaf morphogenesis was observed
by the induction of serrated leaves, phenomenon observed
also under natural environment [40] and probably linked
to UV-B-specific signaling [14]. Conversely, this morpho-
genic strategy in maca did not affect the efficiency of the
photosynthesis and the resources were balanced between
above and underground organs (Figs. 2—5), reinforcing the
hypothesis of acclimation of these plants. Finally, recovery

in 14 d UV-B plants presented similar biomass distribu-
tion as 3 d UV-B after recovery (Fig. 1); however, epigeal
organs were only constituted by new leaves (Additional
file 1: Figure S1). Moreover, even though these plants
maintained high efficiency in photosynthesis (Figs. 4
and 5), their carbohydrate concentration was dramat-
ically reduced (Figs. 2 and 3). This fact could be
mainly related to the lethal UV-B damage not only in
old but also in new leaves just after treatment, lead-
ing to a reduction of new leaf number and a delay of
their expansion in comparison with that of the 7 and
10 d UV-B plants after recovery (Additional file 1:
Figure S1). Here a second threshold may happen for
maca plants in response to repeated acute UV-B ir-
radiation, where the plant development is compro-
mised by the reduced energetic status. MFA enabled
the set of observations based on biometric and
physiological data to be analyzed within the same
framework, thus giving an integrated picture of the
observations and the relationships among the variables re-
corded. After treatments, the joint analysis of the variables
performed confirmed that there was a marked similarity
between the treatments with exception of the control, 1
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and 14 days of UV-B treatment. In contrast, the analysis
performed after recovery led to the separation of the
plants subjected to the highest exposure time (10 and 14
days of UV-B treatment) with respect to the performance
obtained.

Conclusions

We have found that maca is able to modulate different
defense mechanisms in response to repeated acute UV-B ir-
radiation by the activation of specific and/or generic path-
ways. Similar modulation was also observed in our previous
study in quinoa plants, another Andean crop [11]. However,
quinoa was more sensitive to acute UV-B irradiation (6.08
kfm~? d™') than maca plants, which showed a better cap-
acity to recover their photosynthetic performance after
strong stress. Thus, UV-B stress response was mainly con-
trolled by a coordinated source-sink nutrient allocation,
while acclimation process may require an UV-B-specific
systemic defense response reflected on the phenotypic plas-
ticity of maca plants under controlled conditions. All these
modulations may be associated to maca adaptation in re-
sponse to harsh environments within its short geological
period in the Andes. Further studies are ongoing to evalu-
ate these results under natural environment.

Methods

Plant material and growth conditions

Seeds of yellow maca were obtained from a local farmer
in Junin (Peru). Seeds were sterilized and sown on MS
medium as described [11]. After 14 days, seedlings were
transferred in plastic pots containing commercial soil
and grown at 12 h photoperiod, temperature 22 +1°C,
relative humidity 50% and Photosynthetic Photon Flux
Density (PPFD) of 100 umol quanta m™*s~ ', Plants re-
ceived distilled water three times a week.

UV-B irradiation treatment

One month-old plants were subjected to UV-B treat-
ment as previously described [11]. Briefly, UV-B radi-
ation was generated using three UV-B lamps (Philips TL
20 W/01RS UV-B Narrowband, Koninklijke Philips
Electronics, Eindhoven, The Netherlands) with a narrow
waveband between 305 and 315nm and peak emission
at 311 nm. The spectra of the UV-B lamps were mea-
sured using a JAZ EL200-XR1 spectroradiometer (Ocean
Optics, Dunedin, FL, USA). The dose of the UV-B radi-
ation was 6.08kJm~> d~! and plants were daily irradi-
ated in the middle of the light period for 60 min
following a time course from 1 to 14 days. Treated
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4

plants received the same PPFD of 100 umol quanta m™ >

s~! as control ones, even during UV-B treatment. For
recovery test, a set of UV-B treated and untreated plants
was transferred to control conditions for two weeks.

Biometric analysis

Two different sets of plants were used for testing bio-
metric traits: just after treatment or after 2-weeks of re-
covery. UV-B treated and untreated plants were
separated into epigeal, hypocotyl and root, and then
weighed (fresh weight, FW). Hypogeal tissues were pre-
viously washed with water to remove the soil. After FW
registration, all vegetal materials were immediately fro-
zen in liquid nitrogen and stored at — 80 °C for further
biochemical analyses.

Total soluble sugars quantification
Epigeal, hypocotyl and root samples were ground to a
powder in liquid nitrogen, and then extracted and

assayed for total soluble sugar (TSS) content through
coupled enzymatic assay methods as described [12]. The
quantity of TSS was expressed as pumol hexose equiva-
lents g~ ' FW. In addition, TSS amount was expressed
per FW of corresponding organ (umol g™ ' FW of corre-
sponding organ), since some differences were detected
among total FW biomass of each organ (whole leaves,
hypocotyl and whole roots) of single plant.

Starch analysis

Starch content was only evaluated in the hypocotyls
which are the main reserve organs. Starch was extracted
and analyzed as described [24] with minor modifications.
Hypocotyl samples were ground in a mortar, resus-
pended in 5mL of 10 mM KOH and boiled for 1 min.
50 uL of 1 N HCI was then added to each sample. The
starch standard solution was prepared using 10 mg of
potato soluble starch dissolved in 10 mL distilled water
and boiled 1 min. Standards (from O to 100 uL) were
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adjusted to 150 pL with neutralized solution (10 mM
KOH:1 N HCI, 100:1). 1mL of fresh iodine solution
(1.3% K, and 3% KI, dissolved in distilled water) was
added into aliquots of samples (150 uL) and standards.
The absorbance was immediately read at 595 nm and
the starch concentration was expressed as mg starch g~ '
FW and mg starch g~ * FW of corresponding organ.

Chlorophyll a fluorescence and leaf gas exchange
Chlorophyll a fluorescence and leaf gas exchanges were
simultaneously measured using an open-air-circuit type
portable measurement system (Li-6400, Li-Cor Inc., NE,
USA) equipped with an integrated fluorescence chamber
head (Li-6400-40 leaf chamber fluorometer, Li-Cor Inc.)
as previously described [21]. Measurements were carried
out on fully expanded and exposed leaves in both un-
treated and 1, 3, 7, 10 and 14 days UV-B treated plants.
The same measurements were performed also after 2
weeks of recovery following the UV-B treatment on fully
expanded leaves. Instantaneous measurements of steady
state photosynthetic CO, assimilation rate (A), stomatal
conductance (g;), intercellular CO, concentration (C),
transpiration rate (E) and actual photon yield of PSII
photochemistry (Dpgy;) were determined at CO, concen-
tration of 400 umol mol™*, relative humidity ranging be-
tween 45 and 55%, leaf temperature of 22°C and light
intensity of 100 umol quanta m™*s™', as described [5].
All the gas exchange and fluorescence data were re-
corded at steady state, allowing the leaves to adapt inside
the chamber to the above conditions for about 5 min for
adjustment and stabilization of the parameters [30]. The
value of ®pg; was determined as Dpgy = (F,,, —F')/F,,’
[7], where F’ is the fluorescence yield emitted by the
leaves under actinic light exposition, whereas F,,” is the
maximum fluorescence yield emitted after superimpos-
ing a saturating light flash during actinic illumination.
The maximum PSII photochemical efficiency (F,/F,,)
and the dark respiration (R;) were determined on leaves
after at least 30 min of dark acclimation [30]. The value
of F,/F,, was determined as F,/F,,= (F,~ Fp)/F,, where
F,, and F, represent the maximum and the minimum
fluorescence vyield emitted by the leaves in the
dark-adapted state, respectively.

Statistical analysis

Pots were arranged in a randomized complete-block de-
sign. Three biological replicates were considered for
each time point. Following Bartlett’s test for homo-
geneity of variance, data were subjected to one-way
analysis of variance (ANOVA). Tukey’s HSD tests
were used to identify statistically different means in
the other response variables, using the multcomp
package [10]. Probability levels lower than 0.05 were
categorized as significant.
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To identify relationships among the different UV-B
treated plants observed during the time course experi-
ment, based on biometric and overall physiological data
obtained before and after recovery, multiple factorial
analyses (MFA) were carried out [25], implemented in
the R packages FactoMineR [17]. Basically, each expos-
ure time had four partial points corresponding to the
trait classes (biometric, starch, TSS, and gas exchange).
Trait classes that significantly contributed to MFA di-
mensions were used to explain differences among expos-
ure times (& = 0.05). The length and the direction of the
vectors were directly correlated to their significance
within each exposure time. Finally, a hierarchical cluster-
ing on principal components (HCPC) was performed to
confirm the product groups observed graphically. All
computations were performed using the R 3.4.3 language
and environment [27], and the R data visualization pack-
age ggplot2 [38] was used.

Additional files

Additional file 1: Figure S1. Representative phenotypes of UV-B-treated
and untreated maca before and after recovery. (PDF 319 kb)

Additional file 2: Figure S2. UV-B induced reactive oxygen species
(ROS) generation in maca. (PDF 131 kb)

Abbreviations

A: CO, assimilation rate; C;: Intercellular CO, concentration; DOT: Days of
treatment; £: Transpiration rate; F/F,,; Maximum efficiency of PSII
photochemistry; FW: Fresh weight; g,: Stomatal conductance; HCPC: Hierarchical
clustering on principal components; MFA: Multiple factor analysis;

PCD: Programme cell death; PPFD: Photosynthetic photon flux density;
PSII: Photosystem II; R, Dark respiration; ROS: Reactive oxygen species;
TSS: Total soluble sugars; UV: Ultraviolet; UVR8: UV-B resistance locus §;
Ops): Actual efficiency of PSII photochemistry

Acknowledgements
We are thankful to Agostina Collavino from Universidad Catélica de Cérdoba
(Argentina) for her assistance in the TSS analysis.

Funding

This work was supported by Schlumberger Foundation “Faculty for the
Future” to TH.R. (2015-2017), and AP. by the project no. LQ1605 from the
National Program of Sustainability Il (MEYS CR). The funding bodies had no
role in the design of the study and no role in the collection, analysis, and
interpretation of data or in writing the manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

THR and LG designed the research. THR, LG and AS performed the
experiments. AP and THR analyzed data. AP performed the statistical
analyses. THR wrote the article with the contributions of all coauthors.
All authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.


https://doi.org/10.1186/s12870-019-1755-5
https://doi.org/10.1186/s12870-019-1755-5

Huarancca Reyes et al. BVIC Plant Biology (2019) 19:186

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

1Department of Agriculture, Food and Environment, University of Pisa, Via
del Borghetto 80, 56124 Pisa, Italy. “Institute of Research on Terrestrial
Ecosystems, National Research Council, Via Moruzzi 1, 56124 Pisa, Italy.
3Center for Translational Medicine (CTM), International Clinical Research
Center (ICRC), St. Anne’s University Hospital, 62500 Brno, Czech Republic.
4\nterdepartmental Research Center “Nutraceuticals and Food for Health”,
University of Pisa, Via del Borghetto 80, 56124 Pisa, Italy.

Received: 11 January 2019 Accepted: 3 April 2019
Published online: 07 May 2019

References

1. Chitwood DH, Sinha NR. Evolutionary and environmental forces sculpting
leaf development. Curr Biol. 2016;26:R297-306. https://doi.org/10.1016/j.cub.
2016.02.033.

2. Czégény G, Matai A, Hideg E. UV-B effects on leaves—oxidative stress and
acclimation in controlled environments. Plant Sci. 2016;248:57-63. https://
doi.org/10.1016/j.plantsci.2016.04.013.

3. Esparza E, Hadzich A, Kofer W, et al. Bioactive maca (Lepidium meyenii)
alkamides are a result of traditional Andean postharvest drying practices.
Phytochemistry. 2015;116:138-48. https://doi.org/10.1016/j.phytochem.2015.
02.030.

4. Fina J, Casadevall R, AbdElgawad H, et al. UV-B inhibits leaf growth through
changes in growth regulating factors and gibberellin levels. Plant Physiol.
2017;174:1110-26. https://doi.org/10.1104/pp.17.00365.

5. Fiorini L, Guglielminetti L, Mariotti L, et al. Trichoderma harzianum T6776
modulates a complex metabolic network to stimulate tomato cv. Micro-tom
growth. Plant Soil. 2016;400:351-66. https://doi.org/10.1007/511104-015-
2736-6.

6.  Flores HE, Walker TS, Guimaraes RL, et al. Andean root and tuber crops:
underground rainbows. HortScience. 2003;38:161-7.

7. Genty B, Briantais JM, Baker NR. The relationship between the quantum
yield of photosynthetic electron-transport and quenching of chlorophyll
fluorescence. Biochim Biophys Acta Gen Subj. 1989;990:87-92. https://doi.
0rg/10.1016/50304-4165(89)80016-9.

8. Gonzdlez Besteiro MA, Bartels S, Albert A, UIm R. Arabidopsis MAP
kinase phosphatase 1 and its target MAP kinases 3 and 6 antagonistically
determine UV-B stress tolerance, independent of the UVR8 photoreceptor
pathway. Plant J. 2011,68:727-37. https//doi.org/10.1111/j.1365-313X.2011.
04725x.

9. Hideg E, Jansen MAK, Strid A. UV-B exposure, ROS, and stress: inseparable
companions or loosely linked associates? Trends Plant Sci. 2013;18:107-15.
https://doi.org/10.1016/j.tplants.2012.09.003.

10.  Hothorn T, Bretz F, Westfall P. Simultaneous inference in general parametric
models. Biom J. 2008,50:346-63. https://doi.org/10.1002/bim;}.200810425.

11. Huarancca Reyes T, Scartazza A, Castagna A, et al. Physiological effects of
short acute UVB treatments in Chenopodium quinoa Willd. Sci Rep. 2018;8:
371. https//doi.org/10.1038/541598-017-18710-2.

12. Huarancca Reyes T, Scartazza A, Lu Y, et al. Effect of carbon/nitrogen ratio
on carbohydrate metabolism and light energy dissipation mechanisms in
Arabidopsis thaliana. Plant Physiol Biochem. 2016;105:195-202. https://doi.
0org/10.1016/j.plaphy.2016.04.030.

13. Jenkins Gl. The UV-B photoreceptor UVR8: from structure to physiology.
Plant Cell. 2014;26:21-37. https://doi.org/10.1105/tpc.113.119446.

14. Jenkins Gl. Photomorphogenic responses to ultraviolet-B light. Plant Cell
Environ. 2017;40:2544-57. https://doi.org/10.1111/pce.12934.

15. Kataria S, Jajoo A, Guruprasad KN. Impact of increasing ultraviolet-B (UV-B)
radiation on photosynthetic processes. J Photochem Photobiol B Biol. 2014;
137:55-66. hitps://doi.org/10.1016/jjphotobiol 2014.02.004.

16.  Kosobryukhov AA, Lyubimov VY, Kreslavski VD. Adaptive mechanisms of
photosynthetic apparatus to UV-radiation. In: Stress responses in plants.
Mechanisms of toxicity and tolerance. Cham: Springer; 2015. p. 59-78.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 11 of 12

Lé S, Josse J, Husson F. FactoMineR : an R package for multivariate analysis.
J Stat Softw. 2008;25:1-18. https://doi.org/10.18637/jss.v025.i01.

Ledn J. The " Maca " ( Lepidium meyenii ), a little known food Plant of Peru.
Econ Bot. 1964;18:122-7.

Lock O, Perez E, Villar M, et al. Bioactive compounds from plants used in
Peruvian traditional medicine. Nat Prod Commun. 2016;11:315-37.

Mao B, Wang Y, Zhao T, et al. Combined effects of elevated O3 concentrations
and enhanced UV-B radiation of the biometric and biochemical properties of
soybean roots. Front Plant Sci. 2017;8:1568. https://doi.org/10.3389/fpls.2017.
01568.

Moles TM, Pompeiano A, Huarancca Reyes T, et al. The efficient physiological
strategy of a tomato landrace in response to short-term salinity stress. Plant
Physiol Biochem. 2016;109:262-72. https://doi.org/10.1016/j.plaphy.2016.10.008.
Muller-Xing R, Xing Q, Goodrich J. Footprints of the sun: memory of UV and
light stress in plants. Front Plant Sci. 2014;5:474. https://doi.org/10.3389/fpls.
2014.00474.

Petrov V, Hille J, Mueller-Roeber B, Gechev TS. ROS-mediated abiotic stress-
induced programmed cell death in plants. Front Plant Sci. 2015;6:1-16.
https://doi.org/10.3389/fpls.2015.00069.

Pompeiano A, Damiani CR, Stefanini S, et al. Seedling establishment of tall
fescue exposed to long-term starvation stress. PLoS One. 2016;11:¢0166131.
https://doi.org/10.1371/journal pone.0166131.

Pompeiano A, Huarancca Reyes T, Moles TM, et al. Inter- and intraspecific
variability in physiological traits and post-anoxia recovery of photosynthetic
efficiency in grasses under oxygen deprivation. Physiol Plant. 2017;161:385-99.
https://doi.org/10.1111/ppl.12608.

Quirds C, Aliaga Cérdenas R. Maca (Lepidium meyenii Walp.). In: Hermann M,
Heller J, editors. Andean roots and tubers: Ahipa, arracacha, maca and yacon.
Rome: International Plant Genetic Resources Institute; 1997. p. 173-97.

R Core Team (2017) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.

URL httpsy//www.R-project.org/. Accessed 10 Jan 2019.

Robson TM, Klem K, Urban O, Jansen MAK. Re-interpreting plant morphological
responses to UV-B radiation. Plant Cell Environ. 2015;38:856-66. https//doi.org/10.
1111/pce.12374.

Sade N, Del Mar Rubio-Wilhelmi M, Umnajkitikorn K, Blumwald E. Stress-
induced senescence and plant tolerance to abiotic stress. J Exp Bot. 2018,69:
845-53. https://doi.org/10.1093/jxb/erx235.

Scartazza A, Picciarelli P, Mariotti L, et al. The role of Euglena gracilis
paramylon in modulating xylem hormone levels, photosynthesis and
water-use efficiency in Solanum lycopersicum L. Physiol Plant. 2017;161:
486-501. https://doi.org/10.1111/ppl.12611.

Stitt M, Lunn J, Usadel B. Arabidopsis and primary photosynthetic
metabolism - more than the icing on the cake. Plant J. 2010,61:1067-91.
https//doi.org/10.1111/j.1365-313X.2010.04142.x.

Sztatelman O, Grzyb J, Gabrys$ H, Bana$ AK. The effect of UV-B on Arabidopsis
leaves depends on light conditions after treatment. BMC Plant Biol. 2015;15:
281. https://doi.org/10.1186/512870-015-0667-2.

Vandenbussche F, Yu N, Li W, et al. An ultraviolet B condition that affects
growth and defense in Arabidopsis. Plant Sci. 2018;268:54-63. https://doi.
0rg/10.1016/j.plantsci.2017.12.005.

Vanhaelewyn L, Prinsen E, Van Der Straeten D, Vandenbussche F. Hormone-
controlled UV-B responses in plants. J Exp Bot. 2016,67:4469-82. https://doi.
0rg/10.1093/jxb/erw261.

van Rensen JJS, Vredenberg WJ, Rodrigues GC. Time sequence of the
damage to the acceptor and donor sides of photosystem Il by UV-B
radiation as evaluated by chlorophyll a fluorescence. Photosynth Res.
2007;94:291-7. https://doi.org/10.1007/511120-007-9177-x.

Vass |, Szilard A, Sicora C. Adverse effects of UV-B light on the structure and
function of the photosynthetic apparatus. In: Pessarakli M, editor. Handbook
of photosynthesis. 2nd ed. New York: Marcel Dekker Inc; 2005. p. 827-43.
Wang Q-W, Nagano S, Ozaki H, et al. Functional differentiation in UV-B-
induced DNA damage and growth inhibition between highland and
lowland ecotypes of two Arabidopsis species. Environ Exp Bot. 2016;131:
110-9. https://doi.org/10.1016/j.envexpbot.2016.07.008.

Wickham H. ggplot2: elegant graphics for data analysis. New York: Springer-
Verlag; 2009.

Wu Q, Su N, Zhang X, Liu Y, Cui J, Liang Y. Hydrogen peroxide, nitric oxide
and UV RESISTANCE LOCUSS interact to mediate UV-B-induced anthocyanin
biosynthesis in radish sprouts. Sci Rep. 2016;6:29164. https.//doi.org/10.1038/
srep29164.


https://doi.org/10.1016/j.cub.2016.02.033
https://doi.org/10.1016/j.cub.2016.02.033
https://doi.org/10.1016/j.plantsci.2016.04.013
https://doi.org/10.1016/j.plantsci.2016.04.013
https://doi.org/10.1016/j.phytochem.2015.02.030
https://doi.org/10.1016/j.phytochem.2015.02.030
https://doi.org/10.1104/pp.17.00365
https://doi.org/10.1007/s11104-015-2736-6
https://doi.org/10.1007/s11104-015-2736-6
https://doi.org/10.1016/S0304-4165(89)80016-9
https://doi.org/10.1016/S0304-4165(89)80016-9
https://doi.org/10.1111/j.1365-313X.2011.04725.x
https://doi.org/10.1111/j.1365-313X.2011.04725.x
https://doi.org/10.1016/j.tplants.2012.09.003
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1038/s41598-017-18710-2
https://doi.org/10.1016/j.plaphy.2016.04.030
https://doi.org/10.1016/j.plaphy.2016.04.030
https://doi.org/10.1105/tpc.113.119446
https://doi.org/10.1111/pce.12934
https://doi.org/10.1016/j.jphotobiol.2014.02.004
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.3389/fpls.2017.01568
https://doi.org/10.3389/fpls.2017.01568
https://doi.org/10.1016/j.plaphy.2016.10.008
https://doi.org/10.3389/fpls.2014.00474
https://doi.org/10.3389/fpls.2014.00474
https://doi.org/10.3389/fpls.2015.00069
https://doi.org/10.1371/journal.pone.0166131
https://doi.org/10.1111/ppl.12608
https://www.r-project.org/
https://doi.org/10.1111/pce.12374
https://doi.org/10.1111/pce.12374
https://doi.org/10.1093/jxb/erx235
https://doi.org/10.1111/ppl.12611
https://doi.org/10.1111/j.1365-313X.2010.04142.x
https://doi.org/10.1186/s12870-015-0667-2
https://doi.org/10.1016/j.plantsci.2017.12.005
https://doi.org/10.1016/j.plantsci.2017.12.005
https://doi.org/10.1093/jxb/erw261
https://doi.org/10.1093/jxb/erw261
https://doi.org/10.1007/s11120-007-9177-x
https://doi.org/10.1016/j.envexpbot.2016.07.008
https://doi.org/10.1038/srep29164
https://doi.org/10.1038/srep29164

Huarancca Reyes et al. BVIC Plant Biology

(2019) 19:186

40. Zhang J, Tian Y, Yan L, et al. Genome of plant Maca (Lepidium meyenii)

41.

illuminates genomic basis for high-altitude adaptation in the Central Andes.
Mol Plant. 2016;9:1066-77. https://doi.org/10.1016/j.molp.2016.04.016.

Ziska LH, Teramura AH, Sullivan JH. Physiological sensitivity of plants along
an elevational gradient to UV-B radiation. Am J Bot. 1992,79:863-71. https//
doi.org/10.1002/j.1537-2197.1992.tb 13667 x.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.molp.2016.04.016
https://doi.org/10.1002/j.1537-2197.1992.tb13667.x
https://doi.org/10.1002/j.1537-2197.1992.tb13667.x

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Biometric analysis
	Total soluble sugars
	Starch content
	Chlorophyll a fluorescence
	Leaf gas exchange
	Multiple factorial analyses

	Discussion
	Conclusions
	Methods
	Plant material and growth conditions
	UV-B irradiation treatment
	Biometric analysis
	Total soluble sugars quantification
	Starch analysis
	Chlorophyll a fluorescence and leaf gas exchange
	Statistical analysis

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

