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Abstract  25 

The purpose of this study was to investigate potential mechanisms involved in fat 26 

deposition promoted by dietary lysine deficiency, particularly intramuscular fat, and 27 

differential responses between fatty and lean pigs. Carcass traits and lipogenic 28 

enzyme activities and gene expression levels in muscles and adipose tissue were 29 

investigated in Iberian (fatty) and Landrace × Large White (LDW) pigs under identical 30 

feeding level (based on BW) and management conditions. Twenty-eight barrows of 31 

10 kg initial BW, 14 per breed, were fed two isoproteic (200 g CP /kg DM) and 32 

isocaloric (14.7 MJ metabolizable energy/kg DM) diets with identical composition 33 

except for the lysine content (1.09% for diet adequate in lysine and 0.52% for diet 34 

deficient in lysine). At 25 kg BW pigs were slaughtered. Compared with pigs fed the 35 

lysine adequate diet, in both genotypes lysine deficient diet led to lower carcass 36 

protein concentration, lower relative proportions of leaner components (loin, ham and 37 

shoulder; P<0.01), and higher carcass fatty components and carcass lipid 38 

concentration (P<0.001). Irrespective of diet, the activity and gene expression of 39 

lipogenic enzymes (fatty acid synthase (FAS), malic enzyme (ME), and glucose-6-40 

phosphate dehydrogenase (G6PDH)) were greater in Iberian than in LDW pigs, 41 

particularly in adipose tissue where transcriptional regulators involved in the control 42 

of adipogenesis and lipogenesis were also upregulated in Iberian animals. In backfat 43 

tissue, there was a small decrease induced by or no effects of lysine deficient diet on 44 

the activity and gene expression of lipogenic enzymes, nor in gene expression levels 45 

of upstream regulators of lipogenesis and adipogenesis. In longissimus muscle, the 46 

activity of FAS, G6PDH and ME increased with lysine deficiency in both genotypes 47 

(P<0.01) and an upregulation of gene expression of lipogenic enzymes was 48 

specifically observed in Iberian pigs (P<0.05 to P<0.001). In biceps femoris muscle of 49 
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lysine deficient pigs the activity of FAS and ME enzymes increased, ME1 gene was 50 

upregulated (added to FASN gene in the case of Iberian pigs; P<0.01 to P<0.001) 51 

and PPARA gene was downregulated (P<0.05). The results show that in both fatty 52 

and lean pigs, the effect of lysine deficiency on lipid metabolism was tissue-specific, 53 

with an activation of lipogenesis in longissimus and biceps femoris muscle but no 54 

apparent stimulation in backfat adipose tissue. Suitable feeding protocols including 55 

lysine-deficient diets should be designed for each pig type in order to increase 56 

intramuscular lipids without penalizing the growth of lean carcass components.  57 

 58 

 59 
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Implications 66 

Specific nutritional strategies involving dietary lysine restriction can be developed for 67 

fattening fatty and lean pigs to increase intramuscular fat with expected positive 68 

consequences on meat quality. The biochemical mechanisms that contribute to the 69 

increase of fat in these conditions seem to differ among tissues such as 70 

subcutaneous backfat and muscle. Further studies including time-course 71 

measurements can contribute to develop suitable strategies for the modulation of fat 72 

content in pork meat. 73 

 74 

Introduction 75 

A major factor affecting meat organoleptic characteristics is the amount and 76 

composition of intramuscular fat (IMF) (Wood et al., 2008), and a positive relationship 77 

between the acceptability or the tenderness of pork and IMF content is generally 78 

accepted (Font-i-Furnols et al., 2012). Different nutritional strategies have been 79 

proposed to increase IMF in pigs, as reducing dietary crude protein levels (Doran et 80 

al., 2006) or reducing dietary lysine (Katsumata et al., 2005; 2011). Recently, we 81 

have shown that reduced lysine supply -maintaining constant crude protein levels- 82 

could be an effective strategy to increase IMF in fatty (Iberian) and conventional pigs 83 

(Palma-Granados et al., 2017a). Changes in other biochemical parameters such as 84 

increased oleic acid concentration of IMF, and increased proportion of oxidative 85 

muscle fibers in pigs fed a lysine deficient diet were also observed. In contrast, other 86 

authors have reported that reduced lysine supply was effective in increasing IMF 87 

content in longissimus muscle of lean pigs but not in fatty Alentejano pigs (Madeira et 88 

al., 2013).  89 
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 Reduction of dietary lysine could have a negative impact on growth and protein 90 

deposition; therefore, further research is needed to design best strategies to 91 

modulate IMF content according to different factors, as pig body weight or genotype, 92 

in order to obtain desirable effects on IMF content and composition with minimum 93 

penalty on pig growth. Besides the effects on IMF, the knowledge of possible effects 94 

of lysine deficiency on growth and development of other fat depots is also of interest. 95 

In this sense, Katsumata et al. (2005) did not detect any significant influence of lysine 96 

deficiency on subcutaneous backfat-adipose tissue (SCAT) depth, carcass weight, 97 

and longissimus area of (Landrace × Large White) × Duroc finishing gilts. Similarly, 98 

Tous et al. (2014) found no effect of dietary lysine deficiency on SCAT proportion or 99 

thickness of Landrace × Duroc finishing barrows. In contrast, we have found 100 

increased SCAT depth at the first rib, and lower carcass length in young Iberian and 101 

conventional pigs fed a lysine deficient diet (Palma-Granados et al., 2017a). 102 

The mechanisms involved in the promotion of IMF by a lysine deficient supply are not 103 

fully understood, although increased m(messenger)RNA abundance of PPARG 104 

(nuclear hormone receptor involved in adipocyte gene expression and differentiation) 105 

in longissimus muscle has been reported (Katsumata et al., 2005). Doran et al. 106 

(2006) described increased activity and protein expression of stearoyl-CoA 107 

desaturase (SCD, involved in monounsaturated fatty acids (MUFA) biosynthesis) in 108 

muscle but not in SCAT of pigs fed a low protein diet. Additionally, Madeira et al. 109 

(2013) have reported that lysine deficiency increased mRNA levels for SCD in 110 

muscle but not in SCAT of lean pigs, although the muscle effect was not observed in 111 

fatty (Alentejano) pigs. 112 

Comparing breeds of different growth potential implies some difficulties as 113 

developmental age of animals may differ. Also, nutritional requirements may differ 114 
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among breeds and differences may amplify as pigs get older. In the present work, the 115 

use of young pigs, with the same weight at the start of the experiment and very close 116 

in age, enables a comparison in similar conditions, as nutrient requirements of 117 

breeds are closer at this physiological state (Conde-Aguilera et al. 2011) 118 

With this background, the aim of the present study was to further investigate the 119 

effects of a deficient lysine supply on carcass composition, lipogenic enzyme activity 120 

and expression of genes involved in lipid metabolism in longissimus and biceps 121 

femoris (b. femoris) muscles and SCAT of fatty (Iberian) and conventional pigs 122 

(Landrace × Large White (LDW)). We hypothesized differential effects of lysine 123 

deficiency on lipogenic enzyme activity and expression of lipid metabolism genes 124 

among tissues and similar general effects between breeds. 125 

 126 

Materials and methods 127 

Animals, diets and experimental design  128 

Animals, diets and experimental design have been described previously (Palma-129 

Granados et al., 2017a). Briefly, 14 purebred Iberian and 14 LDW barrows of 58 and 130 

50 days, respectively, were housed in individual pens of 2 m2 at 10 kg BW and they 131 

were randomly assigned to each of two experimental diets (n=7 pigs per diet and 132 

breed). Diets were isonitrogenous and isoenergetic containing (per kg DM) 200 g CP 133 

and 14 MJ metabolizable energy (see Palma-Granados et al., 2017a; Table 1). One 134 

of the diets was adequate in amino acids and rest of dietary nutrients (AL, 10.9 g 135 

lysine/kg DM), the other one had identical composition except for the lysine content 136 

(DL, 5.20 g lysine/kg DM). Daily feed allowance was adjusted on a weekly basis 137 

according to a BW function (Conde-Aguilera et al., 2011) and pigs were fed at 0.85 × 138 

ad libitum intake of the Iberian genotype, of greater intake capacity (Morales et al., 139 
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2002). Feed intake was daily monitored. Pigs were slaughtered by exsanguination 140 

after electrical stunning at 25 kg BW. The empty gut, carcass and organs were 141 

weighed separately. The carcass without head, feet and tail was weighed and divided 142 

longitudinally. Samples of SCAT, longissimus and b. femoris were immediately 143 

collected from the left half of carcass, snap frozen in liquid nitrogen and stored at -144 

80ºC until analysis. The right half of carcass was rapidly processed as described in 145 

Nieto et al. (2015) to obtain carcass components. All the components were 146 

homogenized together and subsamples were taken for freeze-drying and analysis.  147 

 148 

Carcass and feed chemical composition  149 

Analytical procedures have been described previously (Palma-Granados et al., 150 

2017a). DM content and total ash were carried out according to the AOAC (2002; 151 

methods 934.01 and 942.05, respectively). Total nitrogen in feeds and in freeze-dried 152 

samples of carcass was determined by combustion, according to the Dumas’ 153 

method, in a TruSpec CN equipment (Leco Corporation, St. Joseph, MI). Crude 154 

protein content was calculated using the factor of 6.25. Dry matter was determined in 155 

aliquot samples of freeze-dried material to establish the residual water content after 156 

freeze-drying. Gross energy of feeds and freeze-dried carcass samples was 157 

determined in an isoperibolic bomb calorimeter (Parr Instrument Co., Moline, IL, 158 

USA). Fat content in feeds were determined by ether extraction according to 159 

standard procedures (AOAC, 2000). Fat content in carcass and IMF were determined 160 

by extraction of 2 g of freeze-dried material with chloroform/methanol (2:1, v/v) 161 

according to Folch et al. (1957). Fatty acids in freeze-dried carcass samples were 162 

extracted as described by Folch et al. (1957), and methylation of fatty acids was 163 

performed following the procedure of Kramer and Zhou (2001), slightly modified: two 164 
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methylation procedures were used in each sample, NaOH/methanol at 50 ºC for 15 165 

min, followed by HCl/methanol at 50 ºC for 1 h. Tricosanoic acid (C23:0; Larodan 166 

Fine Chemicals, Malmö, Sweden) was used as internal standard. Fatty acids methyl 167 

esters were identified by gas chromatography using a gas chromatograph equipped 168 

with a flame ionization detector (Focus GC, Thermo Scientific, Milan, Italy) and a 169 

capillary column (Teknokroma, phase: TR-CN100, 100m x 0.25 mm i.d. and  0.20 µm 170 

film thickness). The temperature program used was: 70 ºC 4 minutes, ramp of 8 ºC 171 

/min to 110 ºC, ramp of 5 ºC/min to 170 ºC, 10 minutes at 170 ºC and ramp of 4 172 

ºC/min to 240 ºC, final time 14.5 minutes (total time 63 minutes). The injector and 173 

detector were maintained at 255º C. The carrier gas (helium) flow rate was 1.2 174 

ml/min with a split ratio of 50, and 1µl was injected. Areas of peaks were quantified 175 

based on the reference standard mixture, with correction for recovery of the internal 176 

standard. The fatty acid profile was expressed as a percentage of identified fatty 177 

acids. 178 

 179 

Lipogenic enzyme activity assays 180 

The activities of malic enzyme (ME), glucose-6-phosphate dehydrogenase (G6PDH), 181 

and fatty acid synthase (FAS) were assessed in aliquots of SCAT and longissimus 182 

and b. femoris muscles. The samples were homogenized in an ice-cold 0.3 M 183 

sucrose solution containing 1 mM ethylenediaminetetraacetic acid and 25 mM 184 

dithiothreitol using an Ultra-Turrax® homogenizer (IKA-Werke GmbH & Co. KG, 185 

Germany). Mixtures were centrifuged for 20 min at 20 000 × g at 4°C. The 186 

supernatant was collected and stored at -80ºC.  The ME, G6PDH and FAS activities 187 

were assayed in the soluble fraction according to Bazin and Ferre (2001) by 188 

absorbance at 340 nm, to assess the appearance (for ME and G6PDH) or the 189 
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decrease (for FAS) of NADPH2. Substrate quantities were optimized to ensure 190 

linearity of the reaction. The soluble protein concentration in supernatant was 191 

determined using a commercial kit (PierceTM BCA Protein Assay Kit, Ref., 23225-192 

23227, Thermo Scientific). Enzyme activities were expressed as nmol of NADPH per 193 

minute per mg of supernatant protein. 194 

 195 

Gene expression quantification  196 

Total RNA was extracted from 50–100 mg of SCAT and longissimus and b. femoris 197 

muscles. Samples were homogenized with 1 ml of TRIzol Reagent (Invitrogen, CA, 198 

USA), using an Ultra-Turrax® homogenizer. The homogenate was mixed with 200 μL 199 

of chloroform and incubated for 8 min at room temperature, and then centrifuged at 200 

12 000 × g for 15 min at 4°C. The aqueous phase was collected, precipitated with 201 

500 μL of ethanol, and then applied to an RNeasy Mini-column (Qiagen, UK) before 202 

spinning for 30 s at 10 000 × g. The flow through was discarded and RNA bound to 203 

the column was DNase treated using RNase-free DNase Set (Qiagen) and collected 204 

in a 50 μL volume. The RNA quantity was measured using a ND 1000 205 

spectrophotometer (NanoDrop Technologies, Wilmington). RNA integrity number was 206 

measured using Experion™ Automated Electrophoresis System (Bio-Rad, Hercules, 207 

CA) and ranged from 6.8 to 8.6 for SCAT and from 7.0 to 9.6 for muscles. The 208 

extracted total RNA was reverse transcribed using QuantiTect Reverse Transcription 209 

Kit (Qiagen, UK) following the protocol of the manufacturer. 210 

The expression of candidate genes was quantified by qPCR (quantitative real-time 211 

PCR) as described in Ovilo et al. (2014). Primer pairs used for quantification were 212 

designed using Primer Select software (DNASTAR, Wisconsin, USA) from the 213 

available GENBANK and/or ENSEMBL sequences, covering different exons in order 214 
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to assure the amplification of the cDNA (complementary DNA). Sequence of primers 215 

and amplicon lengths are indicated in Table 1. 216 

Standard PCR on cDNA were carried out to verify amplicon sizes. Transcript 217 

quantification was performed using SYBR Green mix (Roche, Basel, Switzerland) in 218 

a LightCycler480 (Roche). The qPCR reactions were prepared in a total volume of 20 219 

μl containing 2.5μl of cDNA (1/20 dilution), 10 μl of SYBR Green mix and 0.15μM of 220 

both forward and reverse primers. Mixes without cDNA were used as negative 221 

controls. Cycling conditions were 95°C for 10 min, followed by 45 cycles of 95°C (15 222 

s) and 60°C (1 min) where the fluorescence was acquired. Finally, a dissociation 223 

curve to test PCR specificity was generated by one cycle at 95°C (15 s) followed by 224 

60°C (20 s) and ramp up to 95°C with acquired fluorescence during the ramp to 225 

0.01°C/s. Data were analyzed with LyghtCycler480 SW1.5 software (Roche). All 226 

points and samples were run in triplets as technical replicates and dissociation 227 

curves were carried out for each individual replicate. Single peaks in the dissociation 228 

curves confirmed the specific amplification of the genes. For each gene, PCR 229 

efficiency was estimated by standard curve calculation using four points of cDNA 230 

serial dilutions. Cycles to threshold values were employed for the statistical analyses 231 

of differential expression. Data normalization was carried out using the most stable 232 

endogenous genes out of GAPDH, ACTB, PPIA and B2M. Stability of endogenous 233 

genes was tested with Genorm software (Valdesompele et al. 2002). ACTB and PPIA 234 

genes were employed for normalization.  235 

Expression levels for FASN, G6PD and ME1 genes encoding the lipogenic enzymes 236 

studied, as well as for genes with key roles in regulation of lipogenesis (SREBF1, 237 

sterol regulatory element binding transcription factor 1; MLXIPL, MLX interacting 238 
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protein like), adipogenesis (PPARG, Peroxisome proliferator activated gamma) and 239 

lipolysis (PPARA, Peroxisome proliferator activated alpha; LPL, lipoprotein lipase) 240 

were assessed in SCAT and longissimus and b. femoris muscles. Results are 241 

presented for genes whose level of expression allowed a reliable quantification in 242 

each tissue (FASN, G6PD, ME1, SREBF1, MLXIPL, PPARG, LPL for subcutaneous 243 

adipose tissue; FASN, G6PD, ME1, PPARG, PPARA and LPL for both muscles).  244 

 245 

Statistical analysis 246 

Statistical analyses of body and carcass composition, and lipogenic enzyme activity 247 

were assessed by the Proc MIXED procedure of SAS as heterogeneity of variances 248 

was detected for most breed comparison (Barlett’s test; P<0.05). The effects of 249 

genotype (Iberian, LDW), lysine content (AL, DL), and their interactions were 250 

included in the statistical model. Pig was considered the statistical unit. Means of the 251 

four treatment combinations were compared by DIFF option of MIXED procedure 252 

adjusted to Tukey´s t-test. The level of significance was set to 5%. Pearson 253 

correlations coefficients were calculated between lipogenic enzyme activities and 254 

intramuscular fat content in muscle tissues.  255 

Statistical analysis of gene expression data was carried out as described in Ovilo et 256 

al. (2014) following the method proposed by Steibel et al. (2009), which consists in 257 

the analysis of cycles to threshold values for the target and endogenous genes 258 

simultaneously using a linear mixed model. The following model was used for this 259 

purpose in a joint analysis of all the recorded gene expression measures:  260 

𝑦𝑔𝑖𝑗𝑘𝑟 = 𝑇𝐺𝑔𝑖 + 𝑃𝑔𝑗 + 𝐵𝑔𝑘 + 𝐷𝑖𝑗𝑘 + 𝑒𝑔𝑖𝑗𝑘𝑟 
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where 𝑦𝑔𝑖𝑗𝑘𝑟 = −𝑙𝑜𝑔2 (𝐸𝑔

−𝐶𝑡𝑔𝑖𝑗𝑘𝑟); Eg brings the efficiency of the PCR of each gene, 261 

Ctgijkr is the value obtained from the thermocycler software for the gth gene from the 262 

rth well in the jth qPCR plate corresponding to the kth animal subjected to the ith 
263 

treatment, TGgi is the specific effect of the ith treatment on the expression of gene g, 264 

Pgj and Bgk are specific random effects on the expression in the jth qPCR plate of 265 

gene g and the kth pig, Dijk is a random sample-specific effect common to all genes, 266 

and egijkr is a residual effect. 267 

Four different groups were fitted to the model: dietary effects (two levels: AL and DL) 268 

in two breeds: Iberian and LDW pigs and the four combinations of the two diets and 269 

two breeds. To test differences or interaction between classes in the expression rate 270 

of genes of interest (diffTG) normalized by the endogenous genes, different contrasts 271 

were performed between the appropriate estimates of TG levels. Significance of 272 

diffTG estimates was determined with the t statistic. 273 

To obtain fold change values (FC) from the estimated diffTG values, the following 274 

equation was applied: FC=2-diffTG. Standard errors of fold change values (SE (FC)) 275 

were calculated from the standard error of the estimated differences (SE), using a 276 

similar transformation: SE (FC) = 2-SE 277 

 278 

Results 279 

No deaths or diseases were denoted during the feeding trial. Results on animal 280 

performance and muscle characteristics have been published elsewhere (see Palma-281 

Granados et al., 2017a).  282 

 283 

Body and carcass composition 284 
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The effects of genotype and dietary lysine content on body and carcass components 285 

and composition are displayed in Table 2. Lysine deficiency decreased final BW and 286 

empty BW of both pig types (P<0.001), although empty BW/BW ratio remained 287 

unchanged. The proportions of whole carcass and viscera (g/kg empty BW) were 288 

similar for both breeds of pigs when fed AL diet, although Iberian pigs fed DL diet 289 

showed increased viscera and decreased carcass proportions (genotype × diet 290 

interaction, P<0.01). Relative weights of stomach, kidney and mesenteric fat were 291 

higher (P<0.001), and that of small intestine was lower (P<0.05) in Iberian compared 292 

to LDW pigs. The whole digestive tract decreased in LDW pigs fed DL diet respect to 293 

LDW pigs fed AL diet (genotype × diet interaction, P<0.05) and large intestine 294 

proportions decreased in LDW pigs fed DL diet respect to the rest of groups 295 

(genotype × diet interaction, P<0.05). Liver and mesenteric fat proportions increased 296 

(P<0.01), and heart relative weight tended to decrease (P=0.051) in pigs consuming 297 

the DL diet.  298 

Most relative weights of lean components (g/kg carcass) were heavier in LDW pigs 299 

(loin, ham, sirloin, P<0.01), except for shoulder which was heavier in Iberian pigs 300 

(P<0.05). Lean component proportions decreased in pigs fed the DL diet (P<0.01). 301 

Butt lean tended to be higher in LDW pigs (P=0.055) and increased in DL fed pigs 302 

(P<0.05). Ribs and spine proportions increased (P<0.01) in DL fed pigs of both 303 

genotypes. Belly, kidney fat and SCAT proportions were higher in Iberian than LDW 304 

pigs (P<0.001). Kidney fat increased in pigs fed DL diets (P<0.001) as well as SCAT 305 

proportion (particularly in Iberian pigs; genotype × diet interaction, P<0.05).  306 

Carcass chemical composition (Table 2) is in line with the physical dissection of 307 

carcass components presented above. Iberian pigs showed less water and more lipid 308 

(g/kg carcass) and energy content (MJ/kg carcass) than LDW pigs (P<0.01). When 309 
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pigs were fed LD diet, carcass protein concentration decreased (particularly in 310 

Iberian pigs, genotype × diet interaction; P<0.01) and lipid and energy contents 311 

increased (P<0.01). Ash content was lower in LDW pigs fed AL diet compared to 312 

LDW pigs fed DL diet (genotype × diet interaction; P<0.01). 313 

The fatty acid composition of carcass is shown in Table 3. Iberian pigs showed 314 

greater proportion of C16:0 (P<0.05) than LDW pigs. No significant differences were 315 

found for C17:0, C18:0, C18:1 n-9, total saturated fatty acids (SFA) and MUFA 316 

between genotypes. Proportions of C18:2 n-6, C18:3 n-3, and some linoleic and 317 

linolenic acid derivatives (C20:4 n-6; C22:5 n-3 and C22:6 n-3), and total 318 

polyunsaturated fatty acids (PUFA), were higher in LDW pigs (P<0.01). Pigs 319 

receiving the DL diet had higher content of C18:0 (P<0.05) and lower of C18:2 n-6 320 

(P<0.001), C18:3 n-3 (P<0.05), and total PUFA (P<0.001), with a consequent 321 

decrease of the n-6/n-3 ratio (P<0.05).  322 

 323 

Lipogenic enzyme activity 324 

In backfat tissue, Iberian pigs had similar FAS activity than LDW pigs when both 325 

were fed AL diet, whereas lysine deficiency decreased FAS activity in LDW pigs only 326 

(genotype × diet interaction, P<0.05, Table 4). Iberian pigs had higher ME and 327 

G6PDH activities (P<0.01) than LDW pigs. In both breeds, lysine deficiency 328 

decreased ME activity (P<0.05) and did not affect G6PDH activity.   329 

In longissimus muscle, the activity of FAS was higher in Iberian pigs (P<0.001) and 330 

increased in both pig types when fed DL diet (P<0.001). The ME and G6PDH 331 

activities did not significantly differ between genotypes, and both enzymes increased 332 

their activity in lysine deficient pigs (P<0.01). 333 
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For b. femoris muscle no significant differences between genotypes were detected in 334 

FAS and G6PDH enzymatic activities. The FAS activity was raised (P<0.001) and 335 

G6PDH activity tend to increase (P=0.053) in lysine deficient pigs. The ME activity 336 

did not differ between both pig breeds when fed AL diet, and it increased in Iberian 337 

but not in LDW pigs when fed DL diet (genotype × diet interaction, P<0.05).  338 

 339 

Gene expression levels in tissues   340 

For backfat tissue and regarding the genotype effect (Figure 1A) the genes SREBF1, 341 

MLXIPL, PPARG, LPL and ME1 were upregulated in Iberian compared with LDW 342 

pigs (P<0.001; except for PPARG and ME1 with P<0.05, Figure 1A). FASN and 343 

G6PD genes did not show differences in expression between Iberian and LDW pigs. 344 

Regarding the diet effect, for FASN and G6PD genes we observed  similar responses 345 

(Figure 1B), in both cases with interaction effects (P=0.06 and P<0.01 for genotype × 346 

diet interaction, respectively), in Iberian pigs these genes were upregulated in AL 347 

group, while in LDW the same genes were upregulated in DL pigs (P values from 348 

0.06 to 0.001). For MLXIPL gene a significant upregulation was observed in AL vs DL 349 

fed pigs in both breeds (P<0.01; Figure 1B). 350 

In longissimus muscle expression of FASN gene was higher in Iberian compared to 351 

LDW pigs only for pigs fed AL diet (genotype × diet interaction, P<0.001, Figure 2A). 352 

No significant genotype effect was observed for any other gene. The same response 353 

to diet was observed for FASN, G6PD and ME1 genes, for which the gene 354 

expression was upregulated in pigs fed DL diet respect to pigs fed AL diet, only in 355 

Iberian pigs (P<0.001, P<0.01 and P<0.001, respectively; genotype × diet interaction 356 

P<0.001, P<0.05 and P<0.01, for FASN, G6PD and ME1, respectively, Figure 2B). 357 

No significant effects of breed, diet, or interactions were detected for PPARA, 358 
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PPARG and LPL genes (Figures 2A and 2B). SREBF1 and MLXIPL genes were not 359 

quantifiable in muscle due to low gene expression levels. 360 

For the b. femoris muscle, the G6PD gene was upregulated in Iberian compared to 361 

LDW pigs (P<0.05; Figure 3A), and the same was observed for ME1, but in this case 362 

only in pigs fed DL diet (P<0.01, genotype × diet interaction P<0.001, Figure 3A). No 363 

other significant breed effect was observed. Significant effects of diet were observed 364 

for PPARA, FASN and ME1 genes (Figure 3B). PPARA and ME1 genes showed 365 

opposite patterns, with PPARA being upregulated in pigs fed AL diet while ME1 was 366 

upregulated in DL fed pigs (P<0.05 and P<0.001, respectively). Diet effect on FASN 367 

gene expression was conditional on breed, being upregulated in pigs fed DL diet only 368 

in Iberian pigs (P<0.01; genotype × diet interaction; P<0.05, Figure 3B). As for the 369 

longissimus muscle SREBF1 and MLXIPL genes showed very low expression levels 370 

preventing their quantification. No significant effects of genotype, diet, or genotype × 371 

diet interactions were detected for PPARG and LPL genes (Figures 3A and 3B). 372 

 373 

Discussion 374 

The Iberian pig is an autochthonous, slow-growing, fatty-type pig reared in the 375 

southwest of Spain, known for the quality of its products. Nowadays they represent 376 

approximately 10% of total pigs produced in Spain, including purebred and crossbred 377 

animals (50% Iberian: purebred Iberian dam × purebred Duroc sire; and 75% Iberian: 378 

purebred Iberian dam × (purebred Iberian dam × purebred Duroc sire), MAGRAMA, 379 

2018). The purpose of this study was to explore further the mechanisms involved in 380 

IMF deposition, and to investigate the effects of dietary lysine deficiency on SCAT 381 

and growth of body components (as potential negative effects) of pigs under lysine 382 

deficient conditions, to gather more information and complement previous results on 383 
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two different pig genotypes. In order to avoid some of the difficulties encountered 384 

when comparing breeds of different growth potential, young pigs of the same weight 385 

at the start of the experiment, and very close in age (and in nutritional requirements; 386 

Conde-Aguilera et al., 2011) were used.  Growth rate and feed efficiency -reported 387 

previously in Palma-Granados et al. (2017a)- were higher in the lean breed, in line 388 

with earlier studies (Rivera-Ferre et al., 2006). In Palma-Granados et al. (2017a) was 389 

also observed that effects of Lys deficiency on growth and performance were 390 

comparatively greater in LDW pigs, in agreement with previous observations in 391 

Iberian and Landrace gilts fed adequate and Lys deficient diets (Rivera-Ferre et al., 392 

2006). These findings are in agreement with van Lunen and Cole (1996) who 393 

suggested that highly selected pigs were more sensitive to nutritional deficiencies 394 

than animals of lower protein deposition potential. 395 

 396 

Breed and diet effects on body components and carcass composition 397 

Visceral organ relative weights remained unchanged when pigs were fed the DL diet, 398 

except for large intestine and the whole digestive tract that were reduced in LDW 399 

pigs, and liver and mesenteric fat that increased in both genotypes of pigs fed DL 400 

diet. Conde-Aguilera et al. (2010) reported an increase in intestine, liver and blood 401 

proportions of young Piétrain × (Large-White × Landrace) pigs fed a diet deficient in 402 

sulfur amino acids for approximately 20 days. However, no significant effects on liver 403 

and small intestine relative weights were detected when pigs consumed a sulfur 404 

deficient diet for 17 weeks (Conde-Aguilera et al., 2014), which could indicate that 405 

under nutrient deficiency conditions the animals probably tend to preserve visceral 406 

organs -with essential body functions- in detriment of muscle. 407 
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The relative proportions of carcass components showed, as anticipated, higher lean 408 

components in LDW pigs (loin, ham, sirloin, except for shoulder), and greater relative 409 

weights of fatty components in Iberian pigs (belly, SCAT, internal fat), corroborating 410 

the predisposition to fat deposition in the carcass of Iberian pigs (Nieto et al., 2013). 411 

When pigs were fed DL diet, similar effects were found for both types of pigs on 412 

relative weights of carcass components, i. e., a reduction of leaner parts and an 413 

increment of the fatty components, in close agreement with the changes in carcass 414 

chemical composition detected (decline of protein and water contents and increase of 415 

lipid and energy contents). These effects are in line with others described in the 416 

literature, as reduction of nitrogen retention (Roy et al., 2000; Rivera-Ferre et al., 417 

2006) and in muscle fractional protein synthesis rates (Rivera-Ferre et al., 2005) 418 

when pigs are fed diets with insufficient lysine supply. In young conventional piglets 419 

fed sulfur deficient diets, Conde-Aguilera et al. (2010) also found lower protein and 420 

water concentration and greater lipid deposition in the carcass than in control pigs. 421 

However, other authors that found an increment of IMF following a lysine deficient 422 

diet (Katsumata et al., 2005) or protein deficient diet (Doran et al., 2006) did not 423 

found increased SCAT depth, which can be considered as an indicator of total lipid 424 

deposition in carcass. Probably, the reasons for these discrepancies stem from 425 

differences in the age of pigs, much younger in the present case and in the study of 426 

Conde-Aguilera et al. (2010), and probably more susceptible to deficiencies in amino 427 

acid supply.  428 

In the present case, the genotype differences found regarding carcass fatty acid 429 

profile are related mainly to the proportion of PUFA, which are higher in the LDW 430 

pigs, with no genotype differences for oleic acid or total MUFA proportions. Native pig 431 

breeds present high rates of MUFA and oleic acid deposition (probably related to 432 
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higher de novo lipid synthesis), meanwhile, in conventional-type pigs a more 433 

saturated fatty acid profile, along with higher relative levels of PUFA, mainly linoleic 434 

acid, are found (Pugliese and Sirtori, 2012). We have previously observed such 435 

genotype differences in SCAT fatty acid composition of Iberian and conventional pigs 436 

(Barea et al., 2013) and also in IMF fatty acid composition of muscles (Palma-437 

Granados et al., 2017b). Carcass fatty acid profile represents the composition of 438 

whole lipid content of the pig (except for head, feet and tail), driven mainly by SCAT 439 

composition. In the present work, when pigs of both genotypes were fed DL diet, 440 

there was a slight increase of C18:0 content and a general decrease of PUFA in 441 

carcass fatty acid profile, although no significant effect was detected for the relative 442 

proportions of SFA and MUFA in DL fed pigs. In contrast, the IMF fatty acid profile 443 

showed a clear increase in oleic acid in DL fed pigs (in Palma-Granados et al., 444 

2017a) indicative of de novo fatty acid synthesis.  445 

 446 

Breed and diet effects on gene expression and enzyme activity 447 

To further investigate the potential mechanisms involved in fat deposition promoted 448 

by dietary lysine deficiency, and the potential differential responses between tissues, 449 

such as muscle and SCAT of the two pig types, the activity and gene expression of 450 

three main lipogenic enzymes were determined (FAS -which catalyzes palmitate 451 

synthesis pathway from malonil-CoA-, and ME and G6PDH -involved in providing 452 

NADPH2 for the reductive biosynthesis of fatty acids) as well as the expression of key 453 

genes involved in regulation of adipogenesis and lipid metabolism. Kloareg et al. 454 

(2007) suggested that de novo synthesis in tissues represents more than 80% of 455 

total fatty acid deposition in pigs; therefore, lipogenic pathways would have a major 456 

role determining the quantity of lipid deposited in tissues. Although there are some 457 
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discrepancies, in general, the catalytic activity determined in each tissue is 458 

corroborated by the analysis of expression of genes codifying these enzymes. In 459 

general, we observed a greater capacity for tissue lipid synthesis in Iberian pigs 460 

which agrees with previous reports comparing lipogenic enzyme activities in lean and 461 

Alentejano piglets (fatty pig similar to the Iberian; Freire et al., 1998), and in fattening 462 

Iberian and conventional pigs (Morales et al., 2002, Benitez et al. 2018). However, in 463 

15-day old suckling piglets of the same genotypes used in the present study, we 464 

were not able to detect genotype differences in lipogenic activity for SCAT and 465 

longissimus muscle (Palma-Granados et al., 2017c), although these differences may 466 

have develop further as pigs get older. 467 

The effects of lysine deficiency on enzymatic lipogenic activity and gene expression 468 

were different in SCAT and in the muscles studied. In spite that SCAT proportions 469 

increased in Iberian and LDW pigs when consuming the DL diet, the activity and 470 

gene expression of the lipogenic enzymes studied in general decreased or were 471 

unchanged except in LDW pigs where FASN and G6PD gene expression increased.  472 

Madeira et al. (2013) did not find changes in FASN expression in SCAT of lysine 473 

deficient pigs. In contrast, in young Pietrain × LDW piglets fed a methionine deficient 474 

diet, the activity of FAS, ME and G6PDH was raised and upregulation of FASN and 475 

ME1 genes was observed in SCAT as lipid content increased (Castellano et al., 476 

2015), which point out potential different effects of methionine and lysine deficiency 477 

on adipose tissue lipogenesis.  478 

The analysis of expression of SREBF1, MLXIPL, PPARG and LPL in SCAT show 479 

higher expression of these regulators of transcription and lipid metabolic pathways in 480 

Iberian compared with LDW pigs, indicating higher lipogenic, adipogenic and lipolytic 481 

activity, and therefore, a more intense lipid metabolism in the autochthonous breed in 482 
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agreement with their higher capacity for fat deposition (Nieto et al. 2013, Ovilo et al. 483 

2014). However, we do not found evidences of increased lipogenesis or 484 

adipogenesis linked to the lysine deficiency in this tissue. In turn, MLXIPL (regulator 485 

of glucose associated pathways) was upregulated in SCAT of pigs consuming the AL 486 

diet. In this sense, plasma glucose concentration was more than 30% higher in 487 

adequate vs lysine deficient pigs of both breeds (Palma-Granados et al. 2017a) 488 

which could be related to the upregulation of MLXIPL in SCAT of these animals. 489 

Thus, the present gene expression results based on a limited panel of candidate 490 

genes cannot unveil the molecular mechanisms responsible for the increased SCAT 491 

in DL fed pigs. 492 

Other mechanisms, besides de novo fatty acid and triglycerides synthesis could have 493 

been involved in the increase in SCAT on DL fed pigs, as increased deposition of 494 

dietary fatty acids, or reduced lipolysis rates. On the other hand, it is possible that 495 

changes in these regulators promoted by dietary lysine deficiency were produced at 496 

an earlier stage (before sampling at the end of the experiment). In any case, these 497 

changes, if produced, did not affect the enzymatic activity of lipogenic enzymes in 498 

backfat at the time of sampling, which would suggest different regulatory mechanism 499 

among SCAT and muscle regarding lipid metabolism. More powerful transcriptome–500 

wide approaches or sequential samplings could be suggested for future studies 501 

focused on understanding the biological basis of the effects observed in SCAT. 502 

In contrast, in pigs fed DL diet, the IMF content of longissimus showed a strong 503 

correlation with the activity of FAS (r = 0.8), G6PDH (r = 0.6) and ME (r = 0.7), that 504 

were also in line with upregulation of expression of genes that codify these enzymes 505 

in muscle in DL animals, particularly in Iberian pigs. In the case of b. femoris, 506 

increased IMF content in DL fed pigs was linked to increased activity of FAS and ME 507 
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enzymes, and ME1 upregulation (and FASN in the case of Iberian pigs). We also 508 

found a decrease in PPARA gene expression in b. femoris from DL pigs, which may 509 

have contributed to the higher IMF observed as this regulator is known to have a 510 

lowering fat effect due to increased fatty acid oxidation (Minnich et al, 2001). In 511 

conventional pigs fed reduced protein diets (Doran et al., 2006) or reduced lysine 512 

diets (Madeira et al., 2013), the IMF increase in longissimus muscle was related to 513 

increased protein and gene expression of SCD enzyme, respectively, but no effect 514 

was detected in SCAT. 515 

Our results suggest, in agreement with others (Mourot and Kouba, 1999; Gondret 516 

and Lebret, 2002) a close relationship between ME activity and IMF deposition, as 517 

this is, by far, the lipogenic enzyme with higher activity rates in muscle.  518 

The present results show that lipogenic enzyme activities and gene expression are 519 

regulated differentially in SCAT and skeletal muscle in piglets, in agreement with 520 

previous studies (Doran et al. 2006; Madeira et al. 2013). As pointed out by Gondret 521 

and Lebret (2002), the differences found in the effect of lysine deficiency among 522 

SCAT and muscle regarding enzymatic activity and gene expression, may be related 523 

to the fact that IMF is the last fat deposit to develop, and may respond to nutritional 524 

changes in a different way or with a different timing with respect to other fat depots.  525 

 526 

Lysine deficient diets can be a suitable strategy to increase IMF content in fatty and 527 

lean pigs, although appropriate nutritional strategies should be designed to avoid 528 

decrease of growth of lean carcass components. For each pig type, tailored diets -529 

including specific lysine restriction- need to be further developed to schedule duration 530 

and specific starting time of the treatment during the fattening period. In both fatty 531 

and lean piglets, the lipogenic effect of lysine deficiency seems to be tissue specific, 532 
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promoting an activation of the lipogenic enzyme systems of both longissimus and b. 533 

femoris muscle with no apparent stimulation of lipogenesis in SCAT.  534 
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Table 1 Primer design for qPCR, gene details and PCR efficiency to investigate gene expression in pig tissues1.  682 

Gene 
symbol 

Gene name GenBank ID  Forward primer sequence Reverse primer sequence 
Amplicon 

length 
Efficency 

(%) 

ME1 Malic enzyme XM_001924333.4 GCCGGCTTTATCCTCCTCT TCAAGTTTGGTCTGTATTTTCTGG 223 bp 90.4 

FASN 
Fatty acid 
synthase 

NM_001099930.1 GCAGGCGCGTGATGGGAATGGTG GCCCGAGCCCGAGTGGATGAGCA 206 bp 91.4 

G6PD 
Glucose-6-
phosphate 
dehydrogenase 

XM_003360515.4 CCTTCGCGGCGGTTGTCCTCTAC TGCCGGGCTTCTTGGTCATCATCT 225 bp 95.9 

SREBF1 

Sterol regulatory 
element binding 
transcription 
factor 1 

NM_214157.1 AGTTGAGCCCTGCCCCCGTGTTG CTGCTGGATCTGCGAGGTCA 239 bp 91.5 

PPARA 

Peroxisome 

proliferator 

activated alpha 
NM_001044526.1 GAAAGCCCGTTATCCCAAGAAT CCAGCAGGAGCCACAGGGTAGG 209 bp 94.3 

PPARG 

Peroxisome 
proliferator 
activated gamma 

NM_214379.1  GGCGAGGGCGATCTTGACAG GATGCGAATGGCCACCTCTTT 148 bp 93.5 

MLXIPL 
MLX interacting 

protein like XM_021086322.1 
GCGCAGCATCGACCCCACACTCAC GGGGCTCTTCCTCCGCTCCACATA 187 bp 98.8 

LPL 
Lipoprotein 

lipase  NM_214286 GAGAGGCCTTGGAGATGTGGAC TGCTTCTTTTGGCTCTGACCTTAT 215 bp 92.4 

ACTB Beta-actin XM_003124280.4 TCTGGCACCACACCTTCT TGATCTGGGTCATCTTCTCAC 114 bp 93.5 

PPIA 
Peptidylprolyl 
isomerase A 
(ciclophilin A) 

NM_214353 GGGAGAAAGGATTTGGTTAT ATGGACAAGATGCCAGGAC 175 bp 97.7 

1 qPCR = quantitative real-time PCR683 



30 
 

Table 2 Effect of genotype and dietary lysine content on whole-body and carcass composition of piglets growing from 10 to 25 kg 684 

BW1. 685 

Pig genotype   Iberian      LDW    P-value2 

Diet 
AL      SEM       DL      SEM 

 
 

  AL         SEM       DL         SEM 
 

  Genotype Diet Genotype × diet 

Final BW (kg) 26.6  0.5 24.2    0.4 
 

26.2 0.7 22.1 
 

1.1 
 

ns    *** ns 

Empty BW (kg) 24.4  0.3 22.2    0.5 24.1 
 

0.8 20.4 1.0 
 

        ns      ***   ns 

Empty BW/ final BW 0.920  0.005 0.919 0.006 
 

0.933 0.012 0.923 
 

0.005       ns     ns    ns 

       

      Body components (g/kg empty BW) 

Carcass3   790b  4 779a 2  
 

791b 2 795b 
 

2 
 

** ns ** 

Total viscera 155a  4 166b 2  
 

154a 2 150a 
 

2 
 

** ns ** 

Digestive tract 66.2ab  2.0 68.8b 1.9  
 

67b 1.9 62.1a 
 

1.2 
 

0.083 ns * 

Stomach 11.6  0.3 10.9 0.1  
 

9.24 0.34 8.99 
 

0.32 
 

*** 0.089 ns 

Small intestine 32.8  1.47 35.5 1.16  37.5 1.18 36.1 
 

0.6 
 

* ns 0.073 

Large intestine 21.8b  0.6 22.4b 0.8  20.2b 1.3 17.0a 
 

0.6 
 

*** ns * 

Kidneys 6.05  0.17 5.80 0.13  5.13 0.33 4.81 
 

0.24 
 

*** ns ns 

Liver 30.4  0.8 37.3 1.7  30.2 1.1 33.8 
 

1.4 
 

ns *** ns 

Mesenteric fat 14.9  0.3 17.3 0.6  11.7 0.7 12.9 
 

0.4 
 

*** ** ns 

Heart 5.41  0.17 4.94 0.10  5.81 0.46 5.33 
 

0.17 
 

ns 0.050 ns 

       

      Carcass components (g/kg carcass) 

Loin 47.4  0.9 40.8 2.2  
 
62.7 3.4 48.0 

 
1.7 

 
*** *** 0.073 

Ham 322  7 278 7  
 

341 5 317 
 

4 
 

*** *** ns 

Shoulder 269  5 256 3  
 

260 7 245 
 

2 
 

* ** ns 

Sirloin 8.89  0.86 7.38 0.33   10.9 0.50 9.07  0.32  ** ** ns 

Butt lean 31.2  1.9 34.6 3.9   34.4 3.1 44.2  3.2  0.055 * ns 

Ribs 93.9  4.9 112 2.8   101 5.7 116  4.3  ns ** ns 
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Spine 65.8    5.6 78.2 4.0   60.6 5.8 91.4  4.2  ns *** 
0.074 

 

Kidney fat 13.3   1.3 19.3  1.2  6.51 1.16 12.5 1.27           ***     *** ns 

Belly 115   7.5 117  6.6  92.3       4.3 81.9 4.2   ***    ns ns 

Backfat 26.7b 1.4 40.9c  1.9  18.6a 1.3 26.2b 1.6     ***    *** * 

       

      Carcass chemical composition (g/kg carcass) 

Protein 152c    2.0 126a  0.7   150c 
 

1.7 132b 0.7  ns *** ** 

Water 607  4 551  5   687  4 620 7  *** *** ns 

Water:protein 
ratio 

4.00a  0.04 4.37b  0.06   4.59c  0.05 4.69c 0.05      *** *** * 

Fat 210  5 293  5   134  5 216 7  *** *** ns 

Ash 31.4ab  1.2 30.1ab  0.8   29.3a  0.7 32.2b 0.6  ns ns * 
Gross energy, 
MJ/kg   11.6  0.24 14.3  0.20   8.75  0.23 11.3 0.30 

 
*** *** 

ns 

1n= 7 individually housed piglets per each genotype × diet combination; LDW= Landrace × Large White pigs; AL= Lysine-adequate diet (1.09% 686 

Lys); DL= Lysine-deficient diet (0.52% Lys). 687 

2* P<0.05;  ** P<0.01;  *** P<0.001;  ns = not significant 688 

3Including head, feet and tail.  689 

a,b,c Means within a row with different superscripts differ significantly at P<0.05. 690 

 691 

 692 

693 
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Table 3 Effects of genotype and dietary lysine content on the FA composition (g FA/ 100g of identified FA methyl esters) of carcass 694 

of piglets growing from 10 to 25 kg BW1 695 

Pig genotype  Iberian 
 

 LDW 
 

P-value2 

Diet AL   SEM DL SEM   AL SEM DL SEM   Genotype Diet 
Genotype 

× diet 

C14:0 1.41b 0.03 1.44b 0.05 
 

1.40b 0.07 1.04a 0.11 
 

** * * 

C16:0 25.5 0.4 26.3 1.0 
 

24.0 0.3 24.1 1.0 
 

* ns ns 

C16:1 3.91 0.16 3.72 0.35 
 

3.98 0.31 2.83 0.11 
 ns * 0.06 

C17:0 0.396 0.041 0.414 0.041 
 

0.445 0.030 0.454 0.056 
 

ns ns ns 

C18:0 11.0 0.2 11.3 0.6 
 

10.5 0.45 12.4 0.47 
 

ns * 0.09 

C18:1 n-9  40.2 0.7 41.0 0.9 
 

39.2 0.5 40.8 0.5 
 

ns ns ns 

C18:1 n-7 3.86 0.08 3.77 0.21 
 

3.81 0.13 3.32 0.10 
 

0.08 * ns 

C18:2 n-6  9.31 0.17 8.45 0.19 
 

12.2 0.17 10.4 0.37 
 

*** *** 0.08 

C18:3 n-6 0.033 0.002 0.021 0.002 
 

0.035 0.002 0.026 0.002 
 

ns *** ns 

C20:1 n-9 0.723 0.022 0.834 0.030 
 

0.715 0.036 0.929 0.030 
 

ns *** ns 

C18:3 n-3 0.365 0.014 0.343 0.018 
 

0.473 0.020 0.421 0.015 
 

*** * ns 

C20:3 n-6 0.106 0.004 0.103 0.006 
 

0.115 0.005 0.114 0.007 
 

ns ns ns 

C20:4 n-6 0.491 0.106 0.560 0.063 
 

1.074 0.040 0.875 0.066 
 

*** ns 0.08 

C20:5 n-3 0.052 0.016 0.124 0.050 
 

0.141 0.016 0.255 0.138 
 

ns ns ns 

C22:5 n-3 0.037 0.003 0.040 0.002 
 

0.055 0.005 0.051 0.005 
 

** ns ns 

C22:6 n-3 0.014 0.002 0.014 0.001 
 

0.028 0.003 0.025 0.004 
 

*** ns ns 

Total SFA 38.5 0.5 39.7 1.6 
 

36.6 0.6 38.3 1.4 
 

ns ns ns 

Total MUFA 48.9 0.8 49.6 1.4 
 

47.9 0.7 48.1 1.2 
 

ns ns ns 

Total PUFA 11.0 0.3 10.3 0.2 
 

14.9 0.2 12.9 0.5 
 

*** *** 0.09 

n-6:n-3 ratio 20.4 0.7 17.2 1.2 
 

18.7 0.6 16.7 1.7 
 

ns * ns 
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1n= 7 individually housed piglets per each genotype × diet combination; FA= fatty acids; LDW= Landrace × Large White pigs; AL= Lysine-696 

adequate diet (1.09% Lys); DL= Lysine-deficient diet (0.52% Lys);  SFA: Saturated fatty acids; MUFA= Monounsaturated fatty acids; PUFA= 697 

Polyunsaturated fatty acids. 698 

2* P<0.05;  ** P<0.01; *** P<0.001;  ns = not significant 699 

a,b Means within a row with different superscripts differ significantly at P<0.05. 700 

 701 

 702 

  703 
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Table 4 Effect of genotype and dietary lysine content on lipogenic enzyme activities of subcutaneous backfat adipose tissue and 704 

muscles of piglets growing from 10 to 25 kg BW1. 705 

 Pig 
genotype 

 
Iberian  

 
LDW  P-value2 

Diet AL SEM DL SEM   AL SEM DL 
 

SEM   Genotype Diet Genotype × diet 

   Backfat tissue 
3 

FAS 98.5a 5.2 86.2a 5.7 
 

90.5a 11.7 45.5b 
 

4.3 
 

** *** * 

ME 2399 174 2008 200 
 

1674 243 1300 
 

76 
 

*** * ns 

G6PDH 633 23 588 37 
 

539 42 474 
 

21 
 

** 0.095 ns 

   Longissimus 

FAS 0.88 0.12 1.66 0.26 
 

0.36 0.06 0.81 
 

0.08 
 

*** *** ns 

ME 22 2.8 43.7 5.7 
 

24.1 3.4 29.9 
 

4.9 
 

ns ** 0.085 

G6PDH 1.47 0.17 4.1 0.95 
 

1.61 0.23 2.22 
 

0.27 
 

ns ** 0.062 

   Biceps femoris 

FAS 0.34 0.07 0.68 0.18 
 

0.20 0.016 0.96 
 

0.16 
 

ns *** 0.096 

ME 15.8a 2.2 36.3b 6.0 
 

13.5a 2.1 17.1a 
 

2.1 
 

** ** * 

G6PDH 1.44 0.22 2.59 0.56 
 

2.16 0.25 2.69 
 

0.48 
 

ns 0.053 ns 
1n= 7 individually housed piglets per each genotype × diet combination; LDW= Landrace × Large White pigs; AL= Lysine-adequate diet (1.09% 706 

Lys); DL= Lysine-deficient diet (0.52% Lys). 707 

2* P<0.05;  ** P<0.01; *** P<0.001 ;  ns = not significant 708 

3FAS= fatty acid synthase; ME= malic enzyme; G6PDH= glucose-6-phosphate dehydrogenase. Activities were expressed in nmoles of NADPH2 709 

produced (ME, G6PDH) or consumed (FAS) per min and per mg cytosolic proteins.  710 

a,b Means within a row with different superscripts differ significantly at P<0.05.711 
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Figure captions 712 

 713 

Figure 1A Relative gene expression (FC, Fold change) in subcutaneous backfat 714 

adipose tissue of Iberian respect to Landrace × Large White (LDW) pigs both fed 715 

adequate or lysine deficient diets. FC values higher than 1 indicate higher gene 716 

expression in Iberian, while FC values lower than 1 indicate higher gene expression 717 

in LDW. Results of genotype effect are presented within diet group, in order to 718 

appreciate the genotype × diet interaction. 719 

Figure 1B Relative gene expression (FC) in backfat adipose tissue of Iberian and 720 

LDW pigs fed adequate lysine diets (AL) respect to pigs of the same breeds fed 721 

lysine deficient diets (DL). FC values higher than 1 indicate higher gene expression 722 

in AL, while FC values lower than 1 indicate higher gene expression in DL. Results of 723 

diet effect are presented within genotype group, in order to appreciate the genotype × 724 

diet interaction. 725 

MLXIPL: MLX interacting protein like; SREBF1: sterol regulatory element binding 726 

transcription factor 1; PPARG: Peroxisome proliferator activated gamma; PPARA: 727 

Peroxisome proliferator activated alpha; LPL: lipoprotein lipase; FASN: fatty acid 728 

synthase; G6PD: glucose-6-phosphate dehydrogenase; ME1: malic enzyme 729 

 730 

Figure 2A Relative gene expression (FC, Fold change) in longissimus muscle of 731 

Iberian respect to Landrace × Large White (LDW) pigs both fed adequate or lysine 732 

deficient diets. FC values higher than 1 indicate higher gene expression in Iberian, 733 

while FC values lower than 1 indicate higher gene expression in LDW. Results of 734 

genotype effect are presented within diet group, in order to appreciate the genotype × 735 

diet interaction. 736 

Figure 2B Relative gene expression (FC) in longissimus muscle of Iberian and LDW 737 

pigs fed adequate lysine diets (AL) respect to pigs of the same breeds fed lysine 738 

deficient diets (DL). FC values higher than 1 indicate higher gene expression in AL, 739 

while FC values lower than 1 indicate higher gene expression in DL. Results of diet 740 

effect are presented within genotype group, in order to appreciate the genotype × diet 741 

interaction. 742 

 743 
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PPARG: Peroxisome proliferator activated gamma; PPARA: Peroxisome proliferator 744 

activated alpha; LPL: lipoprotein lipase; FASN: fatty acid synthase; G6PD: glucose-6-745 

phosphate dehydrogenase; ME1: malic enzyme 746 

 747 

Figure 3A Relative gene expression (FC, Fold change) in biceps femoris muscle of 748 

Iberian respect to Landrace × Large White (LDW) pigs both fed adequate or lysine 749 

deficient diets. FC values higher than 1 indicate higher gene expression in Iberian, 750 

while FC values lower than 1 indicate higher gene expression in LDW. Results of 751 

genotype effect are presented within diet group, in order to appreciate the genotype × 752 

diet interaction. 753 

 754 

Figure 3B Relative gene expression (FC) of lipogenic enzymes in biceps femoris 755 

muscle of Iberian and LDW fed adequate lysine diets (AL) respect to pigs of the 756 

same breeds fed lysine deficient diets (DL). FC values higher than 1 indicate higher 757 

gene expression in AL, while FC values lower than 1 indicate higher gene expression 758 

in DL. Results of diet effect are presented within genotype group, in order to 759 

appreciate the genotype × diet interaction. 760 

PPARG: Peroxisome proliferator activated gamma; PPARA: Peroxisome proliferator 761 

activated alpha; LPL: lipoprotein lipase; FASN: fatty acid synthase; G6PD: glucose-6-762 

phosphate dehydrogenase; ME1: malic enzyme 763 

 764 

 765 








	Animal 13 2406-2418.pdf
	1
	2
	3

