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14 Abstract: The effects of different priming techniques were evaluated to improve the dormancy and
15 germination of wild seeds of “Piquin” chili pepper. Three experiments were designed for pre-
16 sowing treatment of seeds: a) chemical seeds digestion; b) halopriming (with K* or NH4+* of NOs,
17 SOs* or CI') at different priming times (24, 48 or 72 h) and osmotic potential (-5, -10 or -15 atm) and
18 c) previously selected halopriming (KNOs and NHsNOs) + Gibberellic acid (GAs, at 100 or 200 ppm)

19 were tested. Digestion treatments did show a negative effect on seed germination. Recommended
20 values of osmotic potential (W), to improve Piquin chili seed germination, must be between -10 and
21 -15 atm (-1.0 and -1.5 MPa) and the priming time must be between 48 and 72 hours. Priming
22 techniques can considerably reduce Capsaicinoids content on seeds, improve dormancy, seed
23 germination performance, and increase the rate and uniformity of seedling establishment. KNOs
24 and secondly GAs: treatments may improve rapid and uniform germination and seedling
25 emergence. The results provide basic information to develop guidelines for commercial

26 establishment of Piquin pepper crops.

27 Keywords: Wild chili pepper; domestication; seed germination; capsaicinoids content; halopriming;
28 gibberellic acid.

29

30

31 1. Introduction

32 Chili “Piquin” or “chiltepin”, [Capsicum annuum var. glabriusculum (Dunal) Heiser & Pickersgill); syn.
33 C.annuum var. aviculare (Dierb.) D' Arcy & Eshbaugh)), is distributed from Colombia, Central America,
34  and Mexico to the southwestern United States. The natural populations of “chiltepin” are considered
35  animportant genetic resource for pepper crop improvement [1]. This species is of great significance
36  in the culture and identity of indigenous peoples of Mexico who usually harvested its fruits of wild
37  plants [2]. The heat of chili pepper is due to the accumulation of capsaicinoids, a group of related
38  alkaloids unique to Capsicum. Capsaicinoids are produced in the fruit placenta and transferred to the
39  seeds during fruit maturation [3]. In highland regions where it occurs, is an important part of the

40  local economy, especially in the time of harvest, generating employment and income for rural
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41  communities. This activity might threaten the genetic diversity in this species, affecting habitat
42  degradation of natural populations of wild pepper [4]. This problem could be solved by limiting the
43 collection of wild populations and increasing their cultivation as a crop, in turn generating economic
44 resources derived from this activity [5,6]. While there is basic information that allows for developing
45  guidelines for its cultivation [7], more research, related to germination, stand establishment and crop
46  development and productivity, is necessary to develop commercial Piquin pepper crops.

47  Domestication of Piquin pepper plants have not been fully developed because problems are
48  encountered related to low and erratic seed germination, morphologic and genetic variability, and
49  limited environmental physiology information [7-9]. Some authors suggest that germination of its
50  seedsis restricted by physiological dormancy [10] and is achieved after passing through the digestive
91  tract of certain birds [11]. Seeds of many species remain viable after passing through the digestive
52 tracts of animals, with varying effects on germination [12]. Seed dormancy is generally an undesirable
53  characteristic in agricultural crops, where rapid germination and growth are required. Extensive
94 domestication and breeding of crop species have ostensibly removed most dormancy mechanisms
95  present in the seeds of their wild ancestors. Studies have reported a myriad of methods to break seed
56 dormancy, including chemical, mechanical, thermal, and hormonal seed treatments [13,14].

57  Thebeneficial effects of priming on the vigor, germination of seeds and establishment of the seedlings
58  is known since the times of Pliny the elder (A.D. 23-79) [15]. Seed priming is a presowing treatment
59  involves the controlled hydration of seeds, sufficient to allow pregerminative metabolic events to
60  take place but insufficient to allow primary root protrusion through the seed coat [14,16]. It also
61  involves complex physiological and biochemical process which offers an effective means to improve
62  seed quality [17], seed germination and vigor [18]. Priming treatments are widely applied by seed
63  companies to increase the germination rate and uniformity of seedling establishment of commercial
64  vegetable and flower seeds [19,20]. Primed seeds are equipped with advanced germination and
65  exhibit improved germination rate and uniformity [21]. The benefits, associated with certain
66  physiological, biochemical, cellular and molecular changes [19], include rapid, uniform and increased
67  germination, improved seedling vigor and growth under a broad range of environments resulting in
68  better stand establishment [22-25]. Different priming treatments such as hydropriming (soaking in
69  water), halopriming (soaking in inorganic salt solutions), osmopriming (soaking in solutions of
70  different organic osmotic molecules), thermopriming (treatment of seed with low or high
71  temperatures) or solid matrix priming (treatment of seed with solid matrices) can be effectively
72 employed to prime a large number of hot pepper seeds at one time [14,26,27]. Halopriming can affect
73 osmoregulation in seeds by the active uptake of inorganic ions, promoting K+ and Ca? absorption
74  and decreasing Na* and Cl- accumulation. Potassium plays an important role in balancing membrane
75  potential and turgor, activating enzymes, and regulating osmotic pressure in cells [19]. Some authors
76  hypothesized that capsaicinoids could have some allelopathic effect on pepper seed germination [3].
77  Capsaicinoids are a well-established allelochemical and has been shown to reduce root and shoot
78  growth or suppress germination in several plant species [28]. The effects of incorporating plant
79  growth regulators into the priming solution have also been indicated to improve the germination and
80  the growth of pepper seedlings [29-32], and other vegetables [33,34].

81  The objective of this study was to evaluate both the response rate of wild seeds of Chili Piquin
82  (Capsicum annuum var. glabriusculum) to break dormancy and improve germination rate through seed

83  priming and halopriming integrated with gibberellic acid (GAs) treatments. This information is
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84  needed to help in the development of sound and reliable guidelines for seedling production of Piquin

85  pepper and contribute to its domestication.

86 2. Materials and Methods

87  2.1. Plant materials:
88  Fruit of Chili Piquin were collected from different wild population in the States of Tamaulipas and
89 San Luis Potosi, in Northeastern Mexico. Seed extraction was carried out manually, macerating fruits
90  of each wild population and dipping them in water to separate the pure seed from impurities. Seeds
91  from different wild population were disinfected, as separate seed lot, in 1% sodium hypochlorite
92 solution for 15 min. to eliminate seed borne microorganisms [35,36].
93
94 2.2. Seed treatments:
95  To achieve the proposed objective, a series of three consecutive experiments were designed for pre-
96  sowing treatment of seeds. Following every treatment all seeds were rinsed under running tap water
97  for 3 minutes and then with distilled deionized water (ddH20) for 1 min. After rinsing, seeds were
98  surface dried by placing them between paper towels for 30 min. at room temperature. The seeds were
99  then slowly dried at 25 °C for 2 days until they reached their original moisture content (~7-9%) and
100 stored until capsaicinoids content determinations and germination test were carried out. [36,37].
101  Untreated seeds were used as control and subjected to the same disinfection, rinsing and drying
102  conditions.
103 2.2.1. Digestion treatments.
104  To simulate the effect of the digestive tract of birds on breaking dormancy on Piquin chili seeds, a
105  group of seeds were subjected to a chemical digestion process using HCl and H20:. Seeds were
106  dipped in 0.2 N HCI for 5 min., and rinsed with distilled deionized water (ddH20) for 2 min.
107  Subsequently were oxidized with 0.5 N hydrogen peroxide for 5 min and newly rinsed with ddH20
108  for 2 min.
109  2.2.3. Priming treatments.
110  Factorial halopriming was accomplished by imbibing 5 g of seed at 25 °C in darkness for (24, 48 or 72
111  h) under an aerated solution of (KNOs, K25Os, NH4NOs, KCI, (NH4)2SOs or NH4Cl) at -5, -10 or -15
112 atm (-0.5; -1.0 or -1.5 MPa respectively) of osmotic potential (¥) to prevent seeds from entering the
113 phase III of hydration (growth) [19,36,38]. Solutions were prepared by dissolving different salts in
114 250 ml Erlenmeyer glasses containing 100 mL of distilled water [39]. Untreated seeds were used as
115  control.
116  2.2.3. Priming integrated with gibberellic acid treatments.
117  Priming, integrated with GAs treatment [40], was performed using two of the priming treatments
118  [KNOsisam and NHaNO:s (10amy)], which further increased the germination parameters of the previous
119  experiments. These priming treatments were supplemented with gibberellic acid (GAs) at 100 or 200
120  ppm. Both controls (unprimed and without GAs) were used as absolute and relative control
121  respectively. Indices were calculated referring to absolute control (untreated seeds) and to their
122 respective relative control (priming treatments) and these denoted with the subscript.

123
124 23. Capsaicinoids determination:
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125 To test whether seeds capsaicinoids contents could be a contributor to seed germination,
126  capsaicinoids content was determined on all seeds (primed and untreated) after treatments. Five-
127  gram whole dry seeds were ground with a home blender for 3 minutes and then a fivefold volume
128  of acetone was added, respectively, to the extract at 50 °C for 1 hour in triplicate. Centrifuged
129  supernatant was taken for colorimetric analysis, following the methods proposed by Wang-Kyun et
130 4l [41].

131

132 2.4. Germination tests:

133 These were carried out in darkness in a temperature-controlled incubator held at 25 + 0.5 °C and 100%
134  RH [42]. Seeds were placed on two layers of filter paper moistened with 3 mL of distilled water in
135  covered 10 cm petri dishes. Germination values were recorded daily for 28 days to establish statistical
136  data. From the total number of germinated seeds, Final Germination Percentage (FGP) was
137 calculated. For ungerminated seeds, tetrazolium chloride tests were conducted to differentiate
138  between dormant and dead seeds [43]. Final latent percentage (FLP) and final mortality percentage
139  (FMP) of seeds were calculated accordingly.

140  Primary root protrusion to 1 mm was scored as germination. To evaluate root growth, a network of
141  fiberglass of 1 mm? was placed under seeds. Primary root length (PRL) was measured in mm.
142  Development germination index (DGI) allows to quantify effects (including FGP and PRL) of
143 treatments ¢ respect to control () on germination development. DGI was calculated by Zucconi tests
144 [44] by following the formula: [DGI = 100-(FGP/FGP):(RL/RL)] [45,46].

145  Days to 50% of FGP (Gso) and days between 10% and 90% of FGP (Gio-%) were also calculated. Gso is
146  aninverse measure of mean germination rate, while Gio-% is an estimate of the spread of germination,
147  the inverse of germination synchrony [47]. To contrast the behavior of treatments to controlw), these
148  parameters were transformed in their respective indices, according to the following formulas: Rate
149 germination index [RGI = 100-(Gsow)/Gsow)]; synchrony germination index [SGI = 100+ (G1o-900)/G1o-90v)].
150  After germination testing, germinated seeds were transplanted to conventional seedling trays inside
151  a greenhouse to evaluate the number of abnormal seedling generated by each treatment. Abnormal
152  seedling percentage (ASP) and its corresponding abnormality seedling index [ASI=
153 100-(ASPw/ASPw)], were calculated from abnormal plantlets.

154

155  2.5. Experimental design and statistical analysis.

156  Treatments were arranged in completely randomized design with four replications of 25 seeds. Data
157  were subjected to multifactorial ANOVA test. Mean separation was performed by Fisher’s least
158  significant difference (LSDoos) test if F test was significant at p < 0.05 (*).

159  3.Results

160  Capsaicinoids contents, germination parameters, primary root growth and transplant abnormality
161  for each seed treatment are shown in Tables 1, to 3 respectively. No differences were found between
162  seeds lot or replications. The corresponding relative indexes, contrasting the behavior of each
163  treatment with their control are also shown on Tables 1 to 3. The average daily percent germination

164  values for treatments and control over a 28-day germination period are shown in Figure 1.

165  3.1. Digestion Treatments
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166  Table 1 shows germination parameters of seeds digested with HCl and H202. Average values show
167 no significant difference for CC, FLP, FMP, FGP, PRL, Gso, Gio-90, or ASP, while significant differences
168 for DGI, RGI, SGI and ASI indices were found, indicating that these indices, are more sensitive to
169  detect the treatment effects referred to control than the proper parameters. The chemical digestion of
170  Piquin pepper seeds does not affect capsaicinoids content (CC) on seeds. The lower FGP and PRL of
171  digested seeds lead to a strong reduction on DGI (-33%) indicating a marked detrimental effect on
172  germination development. Digestive treatments only increase mean germination rate (+11% RGI) and
173 could contribute to break dormancy or latency reducing FLP (Table 1), but also reduces synchrony (-
174 9% SGI), increases FMP, does not improve FGP, and strongly worsen early developmental stage of
175  seedling and abnormality of transplants (+9% ASI).

176  3.2. Priming treatments

177  Average values of germination parameters and their indices are presented on Table 2. Significant
178  differences were found in all factor of priming treatment (salt, time and W) for all parameters and
179  indices. As in previous analysis, indices are better to interpret and quantify the effect of treatments.
180 Different behavior was observed for different salts, showing differences between K*- and NH4*- salts
181  on FGP (Fig 1.) and between NOs and SOsor Cl- on synchrony (Table 2). All treatment reduces
182  capsaicinoids content on primed seeds. Highest CC reduction were obtained (Table 2) on seeds
183  primed with NOs salts (more than SO« or CI-) and at -10 or -15 atm (more than -5), for 48 or 72 h
184  (more than 24).

185  FGP was increased 4-5 times and MGI reduced 44% for CI- and SO#. NOs salts (of NHs* or K)
186  increased FGP (6 times) and reduced to % seeds mortality (Table 2). A higher final percent of
187  germinated seeds was also obtained for K+ rather than NHa* containing salts (Fig. 1). Highest FGP
188  (together with low effect on PRL reduction) of NOs primed seeds lead to a strong increase on DGI,
189  indicating a clear improvement on germinative process. DGI increases 3-4 times for Cl- and SOs> and
190 by 5 times for NOs". KNOs increased more than NHsNOs, not only DGI, but also RGI and SGI, whereas
191  NH:NO:s reduced ASI more than KNOs. An incremental effect was observed for priming time and Ws
192 on FGP, DGI and RGI. Increments on germination rate were 6-12% higher using K+ than NHs*
193  containing salts (Table 2). Latent seeds were only significantly reduced for K2SOs or NH4Cl salts at -
194 10 or-15 atm for 48 or 72 h. Radicle length was only significantly reduced on KCl primed seeds under
195  -5atm of W for 24 or 48 h.

196 A differential effect was observed on germination synchrony for different factors. Germination
197  synchrony increases on nitrate primed seeds, whereas was reduced on seeds primed with sulfate or
198  chloride SGI. Priming times shorter than 72 h, or lower than -10 atm of Ws on priming solution,
199  reduces synchrony (Table 2). Figure 1 shows the average percentage germination values over time
200  for all priming and digestion treatments. A different behavior appears on the germination process
201  for each treatment during 28 days of germination. Germination synchronies (Gio.50 and SGI on Table
202  2) were expanded by Cl- and SO« whereas reduced by NOs, Seeds primed with nitrate containing
203  salts clearly increases germination synchrony and mean germination speed, but the effect is not
204  indicted to be responsible for breaking of dormancy. Seeds latency (FLP) could probably be improved
205 by including GAs in priming solutions (Fig. 1).

206  Abnormality of plantlets reduced as priming time increases and was lower for -10 atm of Ws. ASI
207  reduced 38% for Cl, 62% for SOs> and 70% for NOs-. Graphic analysis of interactions (data not shown)
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208  indicated that 72 h priming treatments with NHsNOs (15atm) and KNOs (10atm) are optimum regarding
209  the improvement of PGI, MGI, DGI and ASI by adding AGs to priming solutions.

210 3.3. Priming integrated with gibberellic acid treatments.

211  Average values of germination parameters and indices are presented on Table 3. All treatment
212 significantly reduces capsaicinoids content on primed seeds. Highest CC reduction were obtained on
213  seeds primed with NOs salts and at 200 ppm of AGs. Combined effects of nitrate priming and AG3
214 reduces initial capsaicinoids contents to 10%. An exponential correlation between CC and DGI were
215  found (data not shown).

216  Pre-sowing with gibberellic acid treatments (Control +100 or +200ppm GAs) also shows (Fig. 1) a
217  positive effect on germination respective to absolute control for all evaluated parameters (Table 3),
218  except PRL (100 and 200ppm) and Gio-0 (100ppm).

219  GAssignificantly reduces latency (FLP) in Piquin chili seeds (Table 3) referred to the absolute control
220  and maintains this effect when it is added to priming solutions (Fig. 1). The addition of GAs (at 100
221  or 200 ppm) activates dormant seeds to a rate between 73 and 84% respectively. This latency
222  inhibition causes an increase in PGI of between 30 and 60%. However, GAs additions to priming
223  solutions increases FMP respect to their relative to controls.

224  GA:s significantly increases germination rate (RGI on Table 3) in respect of absolute or relative
225  controls. At 200 ppm this RGI increase by 2.5 times. However, the effect of GAs on synchrony is
226  different. While 100ppm has no effect, additions of 200 ppm double the synchrony, reducing intense
227  germination time from 12 to 8 days. These synergic effects of the addition of GAs to priming solutions
228  is clearly show for germination percentages on Figure 1. Conversely, 200 ppm GAs has no effect on
229  ASI, while 100 ppm GAs significantly increases the presence of abnormal seedlings in primed seeds.
230  Gibberellic acid applied alone, significantly reduces the length of the primary root with respect to the
231  absolute control. However, the integrated priming treatment with GAs, practically duplicate PRL for
232 GAs@wppm and increases it by between 50 and 70% for GAs o ppm). These increases in PRL together
233 with the originated in FGP lead to double or triple values of DGI (associated with GAs) compared to
234 their respective relative controls. On the other hand, the reduction in PRL (associated with the
235  application of GAs) regarding the absolute control, neutralizes the positive impact generated on FGP
236  and originates DGI increases, on relative control, like those produced by the halopriming without
237  GAs.

238

239
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240  3.4. Figures, Tables and Schemes

241 Table 1. Average values, ANOVA significance and LSDo.s values of Capsicum annuum var. glabriusculum seeds

242 and seedless, germinated in darkness at 25 °C following digestion treatments.
CcC FLP FMP  FGP PRL Gso G109 ASP

gg) %) ) ) @m OO @ R @ S ey M

Significance NS NS NS NS NS * NS * NS * NS *
Control seeds 973 46.3 43.9 8.1 25.4 100b 252  100a 14.1 100b  15.1 100a
Digested seeds 1007 45.0 464 7.7 17.5 66a 235 111b 143 9la 159  114b
LSDo.os 260 3.63 4.01 0.66 10.98 13.9 2.04 5.91 1.18 4.71 1.20 9.84

243 Capsaicinoids Content (CC; Final Latent Percentage (FLP); Final Mortality Percentage (FMP); Final Germination
244 Percentage (FGP); Primary Root Length (PRL); Development Germination Index (DGI); Days to 50% of FGP
245 (Gs0); Rate Germination Index (RGI); Days between 10% and 90% of FGP (Gio-9); Synchrony Germination Index
246 (SGI); Abnormal Seedless Percentage (ASP); Abnormality Seedless Index (ASI).

247 Means within the same column followed by the same letter are not different at p < 0.05 per Fisher’s least
248 significant difference test.

249 NS, * Nonsignificant or significant differences at p <0.05.

250
251 Table 2. Average values, ANOVA significance and LSDo.s values of Capsicum annuum var. glabriusculum seeds
252 and seedless, germinated in darkness at 25°C following priming (Pr) treatments.
CcC
FLP FMP FGP PRL Gso G109 ASP
g DGI RGI SGI ASI
WEE o ) om) @ @ (%)

Pr salt
Control 957d 44.7¢ 48.8¢ 7.9a 18.3¢ 100a 25.5e 100a 14.6c  100d 14.8c  100c
NH:Cl 638¢ 39.2ab  26.2b 36.5c 17.1abc 421bc  22.4d 113b 21.1f 67a  129bc  87bc
(NH4)2S04  469b  39.9abc  28.0b 324b  16.8abc 366bc 22.1cd 115bc 22.1g 64a 11.4b 77b
NH:NOs 319a 43.2bc 11.9a 45.0d 16.8abc 501de 21.0b 120cd 12.0b  120e 8.6a 58a
KCl1 579¢ 39.7ab  282b  32.7bc 16.0a 360b 21.1bc 120cd 17.1d 83c  12.8bc  86bc
K2S04 441b 36.8a 272b  353bc 17.6abc 437cd  20.8b 121d 18.9e 75b 11.7b 79b
KNO:s 309a 40.2abc 13.5a 46.1d  17.8bc 565e 19.0a 132e 11.0a  132f 10.1ab 72ab

Pr time (h) * * * * * * * * * * * *

0 957c 44.7¢ 48.8d 79a 18.3¢c 100a 25.5d 100a 14.6a 100c  14.8c  100c
24 607b 49.7d 16.9a  33.7b 15.2a 353b 22.7¢ 112b 18.9¢ 78a 13.8¢c 93c
48 420a 38.3b 23.7b 38.5¢ 16.6b 433c 21.3b 118c 17.2b 89b 11.6b  80b
72 350a 31.5a 26.8c  41.8d 19.2¢ 538d 19.2a 131d 15.0a  103c 8.4a 57a

Pr \IIO * * * * * * * * * * * *
(atm)

0 957c 44.7c 48.8c 7.9a 18.3b 100a  25.5d 100a 14.6a 100b  14.8c  100c
-5 555b 46.2c 209a  34.0b 15.5a 368b 22.2c 117b 18.2¢ 83a 14.3¢c 97c
-10 395a 387b  21.8ab  39.7c 17.3b 462c 21.2b 118b  17.0bc 9lab 8.8a 55a
-15 428a 34.5a 24.8b 40.3c 18.1b 496¢ 19.8a 126c  16.0ab  96b 10.8b 77b

253 Capsaicinoids Content (CC); Final Latent Percentage (FLP); Final Mortality Percentage (FMP); Final Germination
254 Percentage (FGP); Primary Root Length (PRL); Development Germination Index (DGI); Days to 50% of FGP
255 (Gs0); Rate Germination Index (RGI); Days between 10% and 90% of FGP (Gio-9); Synchrony Germination Index
256 (SGI); Abnormal Seedless Percentage (ASP); Abnormality Seedless Index (ASI).

257 Means within the same column followed by the same letter are not different at p < 0.05 per Fisher’s least
258 significant difference test.

259 * Significant differences at p <0.05.c
260
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Table 3. Average values, ANOVA significance and LSDo.s values of Capsicum annuum var. glabriusculum seeds
and seedless, germinated in darkness at 25 °C following presowing with gibberellic acid treatments and priming

integrated with gibberellic acid treatments.

CC  FLP FMP FGP  PRL Gso Gio9 ASP
DGI RGI SGI ASI
(uggh (%) (%) (%) (mm) () (d (%)
Treatment * * * * * * * * * * * -
Control 824e 47.0d  45.4f 7.6a 21.4c 100a 26.7f 100a 149de 100a  32.0f 100f
+l(££pm 491d 11,9 27.1e 60.1d 134a  545b  10.8bc 214b  156e 168a 2lde 7le
3
+200ppm
GA 384c 7.1a 16.9¢ 76.0f 13.7a 674c 8.2a 245¢ 8.8a 297¢ 15.7d 52d
3
NEENOs 461d  434c 82ab 484b 180b  579b 228  94a  129c 202b  69a  23a
10atm)
+10815pm 201b  120b 234d 646e 309d 1331d  113c  192b 155 168a 20.6e  69ec
3
+200 ppm
oA 742 122b  164c  769f 398 2036e  80a  262c  80a 3284 7.0a 23a
3
KNOscismy  402¢  424c  54a  523c  19.1b  665c  184d  119a 102b 254b 112b  37b
+10815pm 2000  67a 216d 663e 289d 12764  10.1b  210b  142d  183a 132c  4dc
3
+200 ppm
oA 722 68a 115b 818g 384e  20%e  8la  269c  8la  323d 111b 37
3

Capsaicinoids Content (CC); Final Latent Percentage (FLP); Final Mortality Percentage (FMP); Final Germination
Percentage (FGP); Primary Root Length (PRL); Development Germination Index (DGI); Days to 50% of FGP
(Gso); Rate Germination Index (RGI); Days between 10% and 90% of FGP (Gio-9); Synchrony Germination Index
(SGI); Abnormal Seedless Percentage (ASP); Abnormality Seedless Index (ASI).

Means within the same column followed by the same letter are not different at p < 0.05 per Fisher’s least
significant difference (LSD) test.

* Significant differences at p < 0.05.
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Figure 1. Germination percentage of Piquin pepper after seeds treatments (digested or primed) monitored for 28 days. Error bars are presented only for control,
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276 4. Discussion

277  4.1. Digestion Treatment.

278  While some authors argue that Piquin chili seed germination increases after passage through the
279  digestive tract of birds, evidence of this fact has not been provided [2,11]. Digestive treatments could
280  contribute to breaking dormancy, increasing mean germination speed, but do not improve
281  germination percentage or synchrony and strongly worsen early developmental stage of seedlings.
282  The positive effects seen on germination related to birds appear to be more associated to the dispersal
283  and deposition of seeds in favorable environments that stimulate further germination [7,48,49].
284  Digestion treatments have not shown any positive effect on the germination of Piquin chili seeds of.
285  Authors have presented both similar results [50], and have also found large differences [12,42,51-53]
286  in the behavior of different accessions of plants.

287

288  4.2. Priming treatments.

289  Priming has been proposed as a mechanism of invocation of different stress tolerance of germinating
290  seeds [21,54]. Seed priming treatments have been applied to various crops under saline conditions
291  [19,55-57]. Some authors find that a specific ion or salt is not essential in priming pepper seed [58],
292  and other horticultural crop species [17]. Nitrate enhanced germination and seedling establishment
293 rates, under adverse conditions, of onion [59] tomato and asparagus [16], melon [60], watermelon
294 [61,62], husk tomato [39] and pepper [63-66]. Our results also indicate that nitrate-containing salts
295  are more efficient than nitrate-free salts at promoting germination (except breaking dormancy) of
296  primed seeds. In addition, the effects of priming with KNOs seem to be more positive than NOsNOs
297  on main germination and establishment of seedling parameters (except for seed mortality and
298  seedling abnormality). Seed priming stimulates the pre-germination metabolic processes and
299  prepares the seed for primary root protrusion. It increases the antioxidant system activity and the
300  repair of membranes, moreover, the reduction of capsaicinoids on seeds during priming, could
301  contribute to break dormancy and stimulate germinative process on primed seeds. These changes
302  promote seed vigour during germination and emergence [19].

303  Time-course experiments show that effective priming is strongly dependent on both the osmotic
304  potential of the priming solution and the duration of the treatment to avoid “overpriming” [58,67,68].
305  Accordingly, the recommended values of osmotic potential to improve the Piquin chili seed
306  germination must be between -10 and -15 atm (-1.0 and -1.5 MPa), the treatment time must be between
307 48and 72 h.

308 A small number of Piquin pepper studies, very heavily dependent on the origin of seeds accessions
309 and genetic diversity, presented conflicting results [9,35,40,42,69,70]. Authors do not find positive
310 effects of KNOs priming, whereas only see positive effects with GAs at extremely high doses (5000
311  ppm). However, none of these studies combine priming with GAs at low doses. The undesirable
312  observed effects of seed latency (LGI), mean germination rate (RGI) and synchrony (SGI), could be
313  improved by including gibberellic acid (GAs) in priming solutions (as shown in Figure 1).

314

315  4.3. Priming integrated with gibberellic acid treatments.

316  Halopriming with the addition of plant growth regulators may be an effective way to shorten

317  emergence time and increase stand establishment in watermelon [34] and pepper at low temperatures
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318  [47]. Halo-priming using KNO:s or a growth regulator like GAs improves the rate of germination and
319  reduces the mean germination time in endive and chicory [33].

320  The integration of priming with GAs was effective in improving germination and establishment of
321  pepper and tomato seeds. Priming, during which germination is suspended, provides an unique way
322  to rapidly and efficiently digest the endosperm by GA-induced enzymes and reduce the mechanical
323  restraints of endosperm thus providing energy to start and sustain embryo growth [30]. Studies of
324  genetics and physiology have shown the important roles of the plant hormones such as abscisic acid
325  and gibberellin in the regulation of seed dormancy and germination [71].

326  Considerable improvements in seed germination performance, an increase in rate and uniformity,
327  and emergence and establishment of seedlings are shown for KNOs; and GAs treatments, in
328  agreement with Tzortzakis [33]. The lowest values of capsaicinoids found on KNOs primed seeds
329  together with AGs could reduce the allelopathic effect on pepper seed germination. Since high
330  concentrations of capsaicin inhibit the germination of chili seeds [3], the positive effects on
331  germination may be due to the elimination of these as germination inhibitors [10,35]. Finally, our
332  results provide essential information needed for the development of guidelines for the domestication

333 and cultivation of Piquin chili plants.

334 5. Conclusions

335  This study showed that it is possible to improve dormancy and germination processes on Piquin chili
336  seeds by priming techniques. Wild Piquin chili seed primed with KNOs (-10atm; 72) integrated with GAs
337  (ooppm reduced time to germination start (dormancy) and improved germination parameters.
338  Moreover, the study results provide essential information needed for the development of guidelines

339  for the domestication and cultivation of Piquin chili plants.
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