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Abstract. Although habanero peppers (Capsicum chinense, Jacq.) are highly appreciated
as a result of their organoleptic and pungency properties, the crop faces edaphic stresses
throughout Mexico. A study was conducted to determine how the photosynthetic param-
eters, vegetative growth, yield, and fruit quality of the plant change in response to
suboptimal conditions in the substrate. Habanero plants were grown in an inert substrate
(perlite) and exposed to increased salinity levels (4 and 7 dS·mL1) and reduced nitrogen
and phosphorus conditions. Plants grown with a Hoagland-based solution were used as
controls. High salinity conditions reduced the light-saturated photosynthetic rates (64%
of the control) but did not compromise yield or fruit quality. This effect was possibly the
result of the addition of Ca2+, which reduced salinity-induced calcium deficiency.
Although comparable low nitrogen levels in previous studies were shown to cause
a severe reduction in plant viability, in our study, low nitrogen reduced the light-
saturated photosynthetic rates (47% of the control) and shoot:root ratio (67% of the
control) but did not significantly affect yield or fruit quality. Low nitrogen and 7-dS·mL1

treatments increased fructose and glucose content (increases of 27% and 21%, re-
spectively). Low phosphorus significantly affected plant growth and yield and reduced
fructose content (73% of the control). Plants were not sensitive to low nitrogen and high
salinity, possibly as a result of the use of nitrate-based fertilizers and the addition of
calcium, respectively. These results provide guidelines for habanero pepper production
under suboptimal edaphic conditions.

Habanero pepper plants belong to the
Capsicum genus, which contains �27 domes-
ticated species and 2000 cultivars (Eshbaugh,
1993). These cultivated species originate
from three to five wild relatives (Andrews,
1995; DeWitt and Bosland, 1996) and their
phytogenetic center of origin is probably
Peru or Bolivia (Basu and De, 2003). Al-
though habanero peppers were first intro-
duced into Mexico from Cuba (Laborde and
Pozo, 1984), currently the Yucatan peninsula is
considered a genetic reservoir for this species.
Habanero peppers are highly appreciated as

a result of their flavor and high pungency;
however, their widespread production is lim-
ited by a lack of highly productive cultivars
that show good performance when facing sub-
optimal biotic and abiotic factors (Santana-
Buzzy, 2010).

High salinity conditions in agricultural
soils constitute one of the most serious chal-
lenges faced by horticultural crops in Mexico.
It is estimated that by 2002, more than 1
million hectares were affected by salinity
problems (SEMARNAT, 2012), causing a re-
duction in agricultural productivity between
30% and 50% (Umali-deininger, 1993). This
problem may continue to worsen as a result of
deficient irrigation practices, the wide use of
well water and fertilizers, high evaporative
conditions, and the recurrence of droughts.
Plants of the Capsicum genus show wide
genetic heterogeneity (Loaiza-Figueroa et al.,
1989), which is evident by the presence of
sensitive and tolerant genotypes in their re-
sponse to salinity (Aktas et al., 2006; Niu
et al., 2010b). In sensitive cultivars, salinity
affects growth, yield, and fruit quality (Ayers
and Westcot, 1985; Lycoskoufis et al., 2005;
Navarro et al., 2002). Bell pepper (C. annuum
L. ‘California Wonder’) is an example of

a sensitive cultivar in which salinity primar-
ily affects plant–water relations. At low salt
levels (30 mM NaCl or �3.8 dS·m–1), this
response is related to osmotic stress, whereas
at higher levels (60 mM NaCl or�7.5 dS·m–1),
the plant–water effects are related to ionic
stress (Silva et al., 2008). The detrimental
impact of salinity on chile ancho plants
(C. annuum ‘Caballero’) varies for each tis-
sue; fruits are more sensitive than leaves and
stems (Azuma et al., 2010). On the other
hand, C. annuum ‘NMCA10652’ has shown
more tolerance to salinity treatments, having
a 100% survival rate and showing no sig-
nificant changes in plant growth and fruit
yield up to a soil electrical conductivity (EC)
of 4.1 dS·m–1 (Niu et al., 2010a).

Another important limiting factor for
plant development that affects Capsicum
plants is soil nutrient deficiency. In modern
agriculture, nitrogen (N) is considered the
most commonly deficient nutrient followed
by phosphorus (P) (Halvin et al., 2005). In
Capsicum, N deficiency affects plant growth,
yield, and the accumulation of secondary
metabolites (e.g., capsaicin) (Johnson and
Decoteau, 1996; Medina-Lara et al., 2008).
Similarly, P deficiency reduces the light-
saturated photosynthetic rate, stomatal con-
ductance, and leaf internal CO2 concentration
of chile ancho ‘San Luis’ and bell pepper
‘Jupiter’ (Davies et al., 1999). P concentra-
tion of 0.25 mM in a hydroponic system has
been found to be insufficient for pepper
production of C. frutescens (Aldana, 2005).
A deficit of both macronutrients (N and P)
severely reduces yield and fruit size (weight
and length) of ‘California Wonder’ (Roy
et al., 2011).

On the other hand, plant growth condi-
tions also affect the accumulation of primary
and secondary metabolites within the pepper
fruit. Changes in metabolite levels have an
impact on the plants’ organoleptic and nutri-
tious properties. The metabolites involved in
protection or detoxification change at high
salinity levels (Mansour, 2000) and condi-
tions of macronutrient deficiency (Dixon and
Paiva, 1995). These metabolites also change
as a result of the plants’ adaptation to high
salinity or macronutrient deficiency, affect-
ing fruit quality parameters (Wang and Frei,
2011).

The objective of this study was to char-
acterize the effects of long-term exposure to
common suboptimal substrate conditions on
a full range of parameters in habanero pepper
plants. These parameters include yield and
photosynthetic response and the impact on
fruit quality by measuring capsaicinoids,
total phenolics, ascorbic acid, carotenoids,
and sugars in the pericarp of ripe fruit.

Materials and Methods

Plant materials. The study was conducted
under greenhouse conditions at ITESM facil-
ities in Monterrey, N.L., Mexico (lat. 25�40#
N, long. 100�18# W, altitude 430 m). Habanero
pepper ‘Orange’ seeds (Seminis, St. Louis,
MO) were established in 128-cavity trays
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filled with 2 sphagnum peatmoss:1 perlite (by
volume). At 45 d after planting (Oct. 2012),
the seedlings were transplanted to 7.6-L con-
tainers filled with perlite; plants were irrigated
daily with well water (EC of 0.9 dS·m–1) and
twice a week with a Hoagland-based solution
(see below). The study was ended 9 months
later (July 2013).

Experimental treatments were initiated at
the onset of flowering and consisted of the
application of different nutrient solutions
(Table 1) twice a week on seven individual
plants per treatment (total number of plants
was 35). Control treatments consisted of
Hoagland-based nutrient solution (hereinaf-
ter referred to as Hoagland) at pH 6.0 with an
EC of 2.6 dS·m–1. This solution was modified
from the basic Hoagland solution (Hoagland
and Arnon, 1950) by adjusting to 15 mM N
concentration, recommended for Jalapeño
pepper (Johnson and Decoteau, 1996) and
to 2.5 mM P concentration recommended for
Tabasco pepper (Aldana, 2005). Increased
salinity levels (EC of 4 and 7 dS·m–1) were
achieved by the addition of sodium chloride
to the Hoagland solution. Sodium chloride
was gradually increased with each appli-
cation of Hoagland solution at a rate of
2 dS·m–1 per week to avoid possible salt shock.
Additionally, to prevent sodium-induced cal-
cium deficiency, each salinity treatment was
supplemented with 10 mM Ca2+ as CaCl2
(Cabañero et al., 2004). Low N and low
P solutions were prepared based on the
Hoagland solution by reducing the concen-
tration from 15 to 5 mM for N and from 2.5 to
0.25 mM for P. CaCl2 was added to the low N
treatment for calcium balance (Table 1).

Photosynthetic response. Light response
curves were measured at the end of the
study on healthy mature leaves from four
different plants under each treatment con-
dition using a portable photosynthesis sys-
tem (LI-6400XT; LI-COR, Lincoln, NE).
Leaves were exposed to irradiance levels
from 0 to 2000 mmol·m–2·s–1 and allowed to
equilibrate. In the leaf chamber, the flow rate
of CO2 was fixed at 400 mmol·s–1, air tem-
perature was set at 25 �C, and relative
humidity at 50% to 70%. The photosynthetic
parameters evaluated included light compen-
sation point, photosynthetic efficiency, and
light-saturated photosynthetic rate. Photo-
synthetic efficiency was estimated using the
slope of the response curve at the five lowest

photosynthetic photon flux densities (from
0 to 150 mmol·m–2·s–1) (Bassman and Zwier,
1991; Björkman, 1981).

Biomass analysis. General plant growth
and partition were assessed using three rep-
resentative plants from each treatment con-
dition to complete a biomass analysis. Yield
data included the cumulative number of fruits
and their corresponding weights for each
plant. Foliar area was calculated by scanning
all leaves from each plant using a portable
area meter (LI-3000C; LI-COR). Fresh and
dry weight biomasses were calculated sepa-
rately for shoots and roots.

Metabolite extraction. Fruit samples were
obtained by tagging fruits at the breaker
ripening stage and collecting them 3 weeks
later. On harvesting, calix and peduncle were
removed from the fruits, and the pericarp
tissue was separated from the placenta. Peri-
carp was frozen in liquid N and preserved at
–80 �C until metabolite analysis.

Frozen pericarps from six fruits per plant
replicate were pooled and grinded in a frozen
mortar with liquid N2; for the low P case, one
fruit per plant was analyzed as a result of low
fruit production. The grinded material was
divided into aliquots of �0.2 g for each me-
tabolite extraction. In general, grinded samples
were sonicated for 5 min in an appropriate
solvent depending on the extraction protocol
(details below). Then, the liquid phase was
separated by centrifugation (14,000 g at 4 �C)
for 10 min; the supernatant was recovered
and kept on ice while the extraction was
repeated at least another two times on the
pellet. Pooled extracts were filtered using
syringe filters (0.2 mm) and collected in
amber glass vials for measurement.

Ascorbic acid. Ascorbic acid analysis was
performed using the technique described by
Gökmen et al. (2000) with modifications.
Extractions were made in deionized water.
Polyphenols were eliminated from the sam-
ple using a solid-phase extraction (SPE)
cartridge (Oasis MAX, Milford, MA). Ex-
tracts were passed through an equilibrated
SPE (6 mL methanol with 0.1% HCl fol-
lowed by 6 mL water with 0.1% HCl) from
which the flow-through was recovered.
Cleaned extracts were filtered and incubated
with 1 mg·mL–1 dithiothreitol at room temper-
ature for 75 min under N2 atmosphere. Sample
separation and detection were conducted on
an high-performance liquid chromatography

(HPLC) photo diode array system (HPLC-
PDA 2996, Milford, MA) using an Atlantis
dC18 column (Catalog 186001344; Milford,
MA) with an isocratic elution using a phos-
phate buffer (200 mM; pH 2.4) as the mobile
phase. Ascorbic acid quantification was esti-
mated at 244 nm using calibration curves
made with an ascorbic acid standard (Sigma-
Aldrich, St. Louis, MO).

Sugars. Sugars were extracted with deion-
ized water and the extracts were filtered and
injected into an HPLC-evaporative light-
scattering detection system (ELSD 1200
series, Santa Clara, CA). Separation was
achieved at 35 �C using an Xbridge column
(Catalog 186004870, Milford, MA) with
a gradient of acetonitrile:water (80:20, v/v)
with 0.2% triethylamine (Phase A) to aceto-
nitrile: water (30:70, v/v) containing 0.2%
triethylamine (Phase B) with a flow rate of
1 mL·min–1. The gradient consisted of 10%
Phase B at Time 0, increasing until 70% in
16 min. For the ELSD, the drift tube temper-
ature was set at 50 �C. Fructose, glucose, and
sucrose were identified and quantified by com-
parison with an external calibration mixture
made with commercial standards (Merck,
Darmstadt, Germany).

Carotenoids. Carotenoids were measured
by extracting samples with 10 mL of ace-
tone followed by sonication and filtration
through filter paper (Whatman number 1, Little
Chalfont, U.K.) under dim light. The perme-
ated liquid was flushed with N2 and kept on
ice while samples were re-extracted until the
solid was colorless. The concentration of the
pooled extracts was measured at 450 nm in
a spectrophotometer (DU 800, Pasadena,
CA). Total carotenoid content was expressed
as b-carotene equivalents calculated using
a b-carotene extinction coefficient in acetone
(e = 140663 L·cm–1·mol–1).

Phenolics. Total phenolic contents were
determined using the Folin-Ciocalteu (FC)
assay (Folin and Ciocalteu, 1927). Aliquots
were extracted in accordance with Marinova
et al. (2005) using methanol:water (80:20 v/v).
FC reagent (Sigma-Aldrich) was added to the
extracts and the total phenolic concentration
was measured at 765 nm with a multimode
microplate reader Synergy HT (BioTek, VT)
and expressed as gallic acid equivalents
according to a calibration curve made with
gallic acid (Sigma-Aldrich).

Capsaicinoids. Capsaicinoids were ex-
tracted using the procedure described by
Wahyuni et al. (2011). Briefly, samples were
subjected to methanol extraction and the ex-
tracts were separated using liquid chroma-
tography (HPLC-PDA 2996) using a Luna
C18(2) column (Catalog 00F-4251-B0, Tor-
rance, CA) maintained at 40 �C with a 28-min
gradient of water:formic acid 0.1% (Phase A)
and acetonitrile:formic acid 0.1% (Phase B)
starting with 50% Phase B that increased to
63% in 15 min. Then, the column was washed
for 3 min with 90% B and equilibrated for
10 min before the next injection with a flow
rate of 0.19 mL·min–1. Detection was achieved
at 280 nm by a PDA detector. Capsaicin and
dihydrocapsaicin were identified and quantified

Table 1. Hoagland-based nutrient solution components in different treatments.z

Component (mM) Ctrl 4 dS·m–1 7 dS·m–1 Low nitrogen Low phosphorus

KNO3 3.5 3.5 3.5 1 5
KH2PO4 2.5 2.5 2.5 2.5 0.25
MgSO4 2 2 2 2 2
Iron 0.1 0.1 0.1 0.1 0.1
Ca(NO3)2 5 5 5 2 5
CaCl2 0 5 5 3 0
KCl 2.5 2.5 2.5 2.5 2.5
NaNO3 1.5 1.5 1.5 0 0
NaCl 0 5 15 0 0
Electrical conductivity 2.6 4 7 2.6 2.6
zSeven individual plants were used for each treatment. Microelements (mM) H3BO3, 46.0; MnCl2·4 H2O,
9.0; ZnSO4·7 H2O, 0.76; CuSO4·5 H2O, 0.32; H2MoO4·H2O, 0.11.
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using an external calibration curve obtained
using commercial standards (Sigma, St. Louis,
MO).

Statistical analysis. Treatments were con-
ducted for seven independent plant repli-
cates. The results show the calculated mean
and SD values. Data were analyzed using
analysis of variance (SPSS Version 15, Chi-
cago, IL). Tukey’s honestly significant dif-
ference post hoc tests and homogeneous
subset analyses were conducted to determine
which treatments significantly differed from
each other. Variations were considered sig-
nificant at the P # 0.05 significance level.
Light response curves were evaluated using
repeated measures analysis.

Results

Photosynthesis. The impact of nutrient
levels and salinity conditions on photosyn-
thetic efficiency was measured in four inde-
pendently treated plants and compared with
controls grown with Hoagland solution irri-
gation. Light response curves show how each
treatment affected the capacity of the plant
to fixate CO2 (Fig. 1). Control plants had
a photosynthetic efficiency comparable to

values obtained in previous studies on C.
annuum ‘Zhongjiao’ and ‘Niujiao’ (Fu et al.,
2010). The light-saturated photosynthetic
rate was reduced significantly at low N and
7 dS·m–1 salinity levels to 47% and 64%,
respectively, of the observed control rate
(Table 2; Fig. 1). Light compensation point
and photosynthetic efficiency were unaf-
fected by any of the treatments.

Yield and biomass. Three plants per treat-
ment and control were subjected to complete
biomass analysis. Foliar area and leaf bio-
mass were reduced significantly in the low P
treatment. On the other hand, the shoot:root
ratio showed a significant reduction in the
low N and low P treatments (Table 3). Fruit
yield, measured as the number of fruits and
biomass per plant, was only significantly re-
duced when plants were exposed to low P.
Individual plants that were subjected to this
treatment produced just one to six fruits per
plant in comparison with the average of 34
produced by the control plants (Table 3).
Interestingly, these few fruits reached a sim-
ilar weight as the controls and matured
normally. The other treatments did not pro-
duce significant changes in the other fruit
parameters measured. Nonetheless, although

not significantly different, plants exposed to
low N conditions presented a slight increase
in yield.

Metabolites in fruit. Metabolites related to
fruit quality (pungency, flavor, and antioxi-
dants) were quantified in pericarp tissue:
capsaicinoids (capsaicin and dihydrocapsai-
cin), sugars (fructose, glucose, and sucrose),
and antioxidants (ascorbic acids, carotenoids,
and phenolics). Capsaicin and dihydrocap-
saicin levels were measured as indicators of
pungency (Fig. 2). Capsaicinoid accumula-
tion varies greatly among habanero cultivars;
the levels found in ‘Orange’ are comparable
to the low content end of those found in the
pericarp of other habanero cultivars (Canto-
Flick et al., 2008). Capsaicin was the most
abundant capsaicinoid in all treatments, av-
eraging 70% of total capsaicin levels; dihy-
drocapsaicin was the second-most abundant
capsaicinoid detected in all pericarp samples.
Although not significantly different from the
controls, capsaicin and dihydrocapsaicin levels
were highest for the high salinity treatments
(179.9 mg/100 g at 7 dS·m–1) and reduced at the
low P concentration (66.4 mg/100 g) (Fig. 2).

Sugars contribute considerably to the
flavor and nutritional value of Capsicum

Table 2. Comparison of photosynthetic characteristics of mature leaves of habanero ‘Orange’ grown under suboptimal substrate conditions.z

Parameters Ctrl 4 dS·m–1 7 dS·m–1 Low nitrogen Low phosphorus

LCP (mmol·m–2·s–1) 22.7 (6.9) 30.6 (8.7) 23.6 (11.9) 30.5 (13.1) 29.9 (11.9)
Pmax (mmol CO2 m–2·s–1) 12.7 (1.0) cy 8.7 (0.4) a,b,c 6.0 (1.4) a* 8.1 (0.5) a,b* 10.5 (1.1) b,c
PE 0.036 (0.002) 0.028 (0.002) 0.028 (0.003) 0.022 (0.004) 0.032 (0.005)
zLCP = light compensation point; Pmax = light-saturated photosynthetic rate; PE = photosynthetic efficiency (± SE).
yDifferent letter indicates significant difference from homogeneous subset Tukey’s test when the main effect was significant.
*Statistically significant difference, P # 0.05 from analysis of variance compared with control Tukey’s post hoc test.

Fig. 1. Light response curve in habanero ‘Orange’ exposed to suboptimal nutrient levels and increased salinity conditions. Each point represents the average of at
least four biological replicates; vertical lines indicate ± SE.
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fruits (Luning et al., 1994; Navarro et al.,
2006). In all treatments studied, fruit accu-
mulated glucose and fructose; sucrose accu-
mulation was below our detection limits in all
samples. Significant differences were found
in some treatments regarding both sugars in
mature pepper pericarp. Low N and the
salinity treatment 7 dS·m–1 significantly in-
creased fructose and glucose levels by 27%
and 21%, respectively (Fig. 3). Conversely,

low P significantly reduced fructose accumu-
lation in the fruit (73% of the control).

Capsicum fruits are considered a good
source of provitamin A (carotenoids) and
vitamin C (ascorbate); these groups of metab-
olites have well-recognized antioxidant prop-
erties. In addition, the fruits also accumulate
phenolic compounds that can have an antiox-
idant effect when consumed (Antonious et al.,
2006). Surprisingly, the conditions tested in this

study did not significantly affect the accumu-
lation of these metabolites in mature habanero
peppers (Fig. 4). Phenolic compounds accumu-
lated to the same extent throughout all samples
analyzed (Fig. 4C). However, we did observe
an increasing trend in the accumulation of
carotenoids and ascorbic acid in the low P
condition, the treatment that caused the highest
impact, lowering fruit production to just a cou-
ple of fruits per plant (Fig. 4A–B).

Table 3. Influence of treatments on yield of habanero ‘Orange’ pepper plants.z

Parameters Ctrl 4 dS·m–1 7 dS·m–1 Low nitrogen Low phosphorus

Leaf area (cm2) 4244.0 (746.9) ay 3394.0 (636.6) a, b 2893.2 (582.1) a, b 3015.0 (931) a, b 1920.0 (708.4) b*
Dry shoot (g/plant) 97.2 (24.7) a 80.3 (3.4) a 65.6 (5.3) a, b 63.1 (18.1) a, b 36.2 (10.3) b*
Dry root (g/plant) 24.8 (3.1) 20.2 (1.6) 20.9 (5.0) 24.6 (9.2) 15.4 (3.4)
Shoot:root ratio 3.9 (0.7) a 4.0 (0.2) a 3.2 (0.6) a, b 2.6 (0.3) a, b* 2.3 (0.8) b*
Fruit number (g/plant) 34 (7) a, b 24 (10) a 36 (18) a, b 45 (16) b 2 (2) c *
Fruit biomass (g/plant) 150.9 (28.7) a, b 97.8 (18.3) a 103.6 (36.5) a 189.7 (53.8) b 8.3 (8.7) c*
Average fruit weight (g) 4.4 (0.4) 4.4 (1.0) 3.3 (1.1) 4.3 (0.4) 3.7 (0.6)
Fruit moisture (%) 87.2 (1.3) 86.6 (0.5) 85.8 (1.3) 86.1 (0.5) 86.7 (0.4)
zValues represent the average of at least three biological replicates (± SD).
yDifferent letter indicates significant difference from homogeneous subset Tukey’s test when the main effect was significant.
*Statistically significant difference, P # 0.05 from analysis of variance compared with control Tukey’s post hoc test.

Fig. 2. Levels of capsaicin and dihydrocapsaicin in pericarp of ripe fruits of habanero ‘Orange’ grown under suboptimal nutrient levels and increased salinity
conditions. Each bar represents the average of at least five biological replicates; vertical lines indicate ± SD of total capsaicinoids.

Fig. 3. Levels of fructose (A) and glucose (B) in pericarp of ripe fruits of habanero ‘Orange’ grown under suboptimal nutrient levels and increased salinity
conditions. Each bar represents the average of at least five biological replicates; vertical lines indicate ± SD. *Statistically significant difference, P # 0.05 from
analysis of variance compared with control Tukey’s post hoc test. Different letter indicates significant difference from homogeneous subset Tukey’s test when
the main effect was significant.
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Discussion

Horticultural crops present a wide variety
of responses to long-term exposure to sub-
optimal substrate conditions. In the case of
Capsicum, different cultivars have shown
a wide variety of responses to nutritional and
abiotic stresses. Thus, it is important to char-
acterize cultivars based on the most common
edaphic problems faced by horticultural crops.
Habanero pepper is considered an economi-
cally important cultivar in southern Mexico,
where soil conditions are not optimal (e.g.,
high salinity, low N and P). In this article, we
present an integrated analysis that investi-
gated these effects on several aspects of
plants’ physiological parameters, including
photosynthetic response, yield, biomass, and
fruit quality. All experiments were conducted
using an inert substrate (perlite). Although the
use of substrates may not necessarily reflect an
actual plant–soil interaction, they constitute
a suitable means to evaluate plant responses to
controlled conditions in the substrate (Poorter
et al., 2012). This knowledge can be promptly
applied for habanero pepper greenhouse pro-
duction and/or serve as the basis for field
determinations.

Increased salinity. Suboptimal substrate
conditions had an inhibitory effect on the
light-saturated photosynthetic rate. High sa-
linity levels have been documented as re-
ducing photosynthetic response (see Sudhir
and Murthy, 2004), and in our study, only the
high salinity treatment (7 dS·m–1) signifi-
cantly reduced the light-saturated photosyn-
thetic rates (47.2% of the control) (Table 3).
These results are in agreement with those of
Azuma et al. (2010), who grew chile ancho
peppers with 50 and 100 mM of salt (�7 and
11 dS·m–1, respectively) and observed reduc-
tions in the light-saturated photosynthetic
rate of Capsicum plants of 18% and 32%,
respectively. Reduction of the photosyn-
thetic response caused by salinity treatments
was more evident in habanero pepper plants
than chile ancho; however, light-saturated

photosynthetic rate measurements for these
plants were performed earlier in their de-
velopment, which could have impacted the
effects of the treatments. In our case, photo-
synthetic measurements were carried out at
the end of the study; therefore, the reduction
in photosynthetic response could be related to
an intensified effect of sodium and/or chlo-
rine in plant tissue over time.

Although the increased salinity treatment
(7 dS·m–1) reduced the photosynthetic re-
sponse, it did not significantly affect any of
the measured fruit yield parameters (i.e., total
and average fruit weight, number of fruits, or
moisture content). Our results this time con-
trast with the changes observed in chile ancho
plants, in which the fruit was the only organ
that changed biomass in response to high
salinity treatments (a reduction of 66% of the
control).

On the other hand, Niu et al. (2010a)
reported that comparable salinity levels (2.5
and 4.1 dS·m–1) severely damaged habanero
plants grown in the field, whereas all plants in
this group of greenhouse-grown habanero
peppers survived throughout this study. The
contrasting responses could have been caused
by differences in experimental conditions.
Plants grown in the field were probably
exposed to higher salinity levels than the
applied treatments as a result of intrinsic soil
salinity, interaction with soil particles, and
variations in soil–water availability. In addi-
tion, the timing of the treatments was different;
although we started at the onset of flowering,
in their work, salinity treatments were ap-
plied to younger plants. Furthermore, we
added Ca2+ to the nutrient solution (Table
1), which possibly reduced salinity-induced
calcium deficiency. All this could contribute
to the resilience to higher salinity conditions
observed in this work. Our results also show
that even the high salinity levels used in our
study were not sufficiently elevated to affect
fruit yield when supplemented with calcium.
Therefore, we suggest that, for habanero
pepper plants, the addition of calcium could

ameliorate the effects of high salinity on fruit
yield, as suggested by Cabañero et al. (2004)
for ‘California’.

High salinity treatments (7 dS·m–1) also
caused a significant increase in fruit glucose
levels. Accordingly, in ‘Caballero’ peppers,
a 20% increase in soluble sugars was ob-
served in fruit grown at high salinity levels
(Azuma et al., 2010). Salinity in soil can be
responsible for changes in fruit metabolism
and physiology (Saito et al., 2008). Also, in
another study on Solanaceae, tomato plants
that were exposed to moderate salinity levels
presented an increase in starch biosynthesis
in developing fruits, which is believed to
increase sink strength. During maturation,
subsequent starch hydrolysis could increase
soluble sugar levels (Petreikov et al., 2009).
In the ‘Momotaro Fight’ tomato cultivar,
increased sugar accumulation from NaCl
treatment (5 dS·m–1) was sufficient to be
perceived by consumers, which could have
a positive impact on its organoleptic proper-
ties. It appears that tomato cultivars can be
more susceptible to salinity treatments (in-
cluding reduction in yield, fruit number, and
weight) than habanero ‘Orange’. Other fruits
that have presented increased sugar levels
after salinity treatment include: melons,
grapes, and oranges (Botı́a et al., 2005;
Grieve et al., 2007; Li et al., 2013).

In regard to pungency, increased salinity
levels did not have a significant effect on
capsaicinoid accumulation in pericarp (capsa-
icin and dihydrocapsaicin). Although pun-
gency is related to environmental conditions
and increases in response to stressful condi-
tions (Harvell and Bosland, 1997), for habanero
‘Orange’, high salinity conditions (7 dS·m–1)
marginally increased pericarp capsaicin con-
tent (not statistically significant at P # 0.05).
Similar trends in capsaicin concentration
were found in ‘Jalapeño’ peppers under salt
treatments (Arrowsmith et al., 2012).

High salinity conditions (7 dS·m–1) re-
duced light-saturated photosynthetic rates
but did not compromise fruit production or

Fig. 4. Levels of carotenoids (A), ascorbic acid (B), and phenolics (C) in pericarp of ripe fruits of habanero ‘Orange’ grown under suboptimal nutrient levels and
increased salinity conditions. Each bar represents the average of at least five biological replicates; vertical lines indicate ± SD.
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quality (determined by fruit number and
weight and content of key metabolites, i.e.,
capsaicinoids, phenolics, ascorbic acid, and
carotenoid levels). The addition of calcium
under high salinity conditions could be used
to mitigate salinity effects on Capsicum
plants.

Low nitrogen. Although low N (5 mM·L–1)
treatments caused a significant reduction in
the light-saturated photosynthetic rate, and
plant leaves were chlorotic (a characteristic
symptom of low N), this treatment did not
cause a reduction in yield when compared
with controls (15 mM·L–1). Low N conditions
significantly reduced the shoot:root ratio in
habanero plants (67% of the control) but did
not significantly affect dry shoot, dry root, or
yield parameters (Table 3). Our results con-
trast with those reported by Medina-Lara
et al. (2008), who grew plants of the same
habanero cultivar in iron-rich (luvisol) soils;
when exposed to comparable N levels (0, 1,
7.5 mM urea), the plants showed severe
inhibition of fruit production. In their study,
the effect of low N could have been aggra-
vated by its retention by the metal ions in the
iron-rich soils (Baker, 1987) or possible
sequestration by the organic fraction of their
soil (Soon, 1998). Furthermore, their use of
a non-readily available N source (urea) in
comparison with our use of KNO3 and
Ca(NO3)2 in the Hoagland solution could have
generated even lower accessible amounts of N.

Low N treatments caused a significant
increase in soluble sugar contents, particu-
larly fructose (P # 0.05) (Fig. 3A). These
results may be related to the tendency of
plants to accumulate carbohydrates when
exposed to low N conditions (Davies and
Winsor, 1967). In tomato plants grown in the
field, the sugar:total solids ratio and glucose
and fructose concentrations decreased slightly
with the increase of N fertilization (Parisi
et al., 2006). In a comparable study, also using
greenhouse-grown tomato plants, a decrease
in nitrate fertilization (from 12 to 4 mM)
caused a reduction in vegetative growth but
did not affect commercial yield and increased
the soluble sugar levels in the fruit (Benard
et al., 2009).

Capsaicinoid levels were not significantly
affected by N availability (Fig. 2). A previous
study on the same habanero cultivar supports
this observation (Medina-Lara et al., 2008).
Low N treatments slightly increased ascorbic
acid content (Fig. 4B), similar to the values
observed in tomato fruit (Benard et al., 2009),
but our results were not statistically signi-
ficant (P # 0.05). These results agree with
a recent study that reported that bioactive
compounds with antioxidant activity and
the total polyphenols of habanero were not
significantly affected by changes in N fer-
tilization (32, 80, 160, 320 kg N/ha) (Núñez-
Ramı́rez et al., 2011).

Reduction of N levels in the Hoagland
solution (to 5 mM·L–1 of N) using nitrate-
based fertilizers caused relatively minor ef-
fects on overall plant productivity (yield,
pungency, and other fruit metabolites). Com-
parable rates of N fertilization using urea as

the main N source in the same cultivar caused
severe damage to the plants. Therefore, it is
recommended that supplemental N fertiliza-
tion for habanero plants should use nitrate-
based fertilizers, because they are more
efficient for supplemental N fertilization for
habanero pepper production.

Low phosphorus. From all the evaluated
treatments, low P conditions caused the least
amount of reduction in photosynthetic pa-
rameters. Low P had no significant effect on
the light-saturated photosynthetic rate, pho-
tosynthetic efficiency, and light compensa-
tion point (Fig. 1; Table 2). The observed
effect of the low P treatment diverged with
that observed by Davies et al. (1999), who
found that low P treatments significantly
affected the photosynthetic response.

Nevertheless, at the whole-plant level,
low P levels caused the poorest aerial de-
velopment and reduced fruit yield (Table 3).
In this study, dry-root biomass was reduced
to 62% of the control, whereas dry-shoot
biomass was significantly reduced to 37% of
the control. The effect of low P on aerial
development could be attributable in part to
the reduction in photosynthesis (Davies et al.,
1999), as is evidenced in this work (Fig. 1),
but mainly because plants in P-deficient con-
ditions typically tend to increase root mass
(reduced shoot:root ratio) as an adaptive
strategy to access P (given its relative soil
immobility). Although similar responses have
been documented for ‘Long Slim Cayenne’
peppers, this study constitutes the first evi-
dence of this type of response for habanero
pepper.

Low P conditions also caused a very
significant reduction in the number of fruits
and the fruit biomass. However, once the
fruits were set, they had the same weight and
water content as the controls (Table 3).
Soluble sugar contents (particularly fructose)
were reduced by low P conditions, most
likely caused by a reduction of available photo
assimilates (Fig. 3A). Other metabolites (ca-
rotenoids, ascorbic acid, and phenolics) were
not significantly affected. Although not statis-
tically significant, ascorbic acid content was
higher than the controls (Fig. 4). Low P seems
to affect capsaicin accumulation; also, although
not significant, the low-P-treated plants pro-
duced the least capsaicin across all treatments
(Fig. 2), which may have an impact on
pungency.

Previous work with ‘Long Slim Cayenne’
pepper plants treated with higher levels of P
showed consistent effects to those obtained in
this work (increased plant height, leaf area,
shoot, and root dry matter, number of fruit per
plant, and yield compared with control plants)
(Emongor and Mabe, 2012). The remarkable
response to the P conditions shows that P is
a critical nutrient for habanero pepper plants
and proper fertilization has a significant im-
pact on plant growth and yield.

Conclusion

This work describes the responses of haba-
nero pepper to a number of common abiotic

conditions in the soil. Low P conditions were
more devastating to habanero pepper plant
development and yield than either low N or
moderate salinity. Reduced N and increased
salinity had a relatively minor effect on
overall plant productivity. The effects of
salinity conditions on habanero pepper pro-
duction were moderated with the inclusion of
calcium chloride to reduce the effect of
salinity-induced calcium deficiency. Results
from this work can aid in the formulation of
guidelines for fertilization and the manage-
ment of salinity conditions in horticultural
production areas.
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del Chile en México. Secretarı́a de Agricultura
y Recursos Hidráulicos, México.
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