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ABSTRACT

1. Introduction
The objective of the current study was to determine the effects of deboning time, three steps of sausage pro cessing (grinding, salting, and batter formulation), and storage time (of raw materials and cooked sausage) on the growth (log CFU/g) of aerobic bacteria, lactic acid bacteria, and inoculated Salmonella and E. coli. Beef deboning time did not influence bacterial counts (P ≥ 0.138). However, salting of raw ground beef resulted in a 0.4-log reduction in both aerobic plate count (APC) and Salmonella (P ≤ 0.001). Lactic acid bacteria were in creased from non-detectable concentration (0.54 log) on d 0 to 3.8 log on d 120 of vacuum storage (P ≤ 0.019). Salmonella counts were increased (P < 0.001) over storage time (3.2 to 3.3 log CFU/g from d 0 to 10). Results indicated that salting and batter formulation had a greater impact on bacterial counts than rigor state of raw beef.
Van Laack & Smulders, 1989). Proliferation of enteric pathogens such
as Salmonella and E. coli is a potential risk during pre-rigor deboning
Meat that is deboned from the carcass early postmortem, when the muscles are still physiologically active with substantially high pH and available ATP and has not entered rigor mortis onset, is referred to as pre-rigor meat (Barbut, 2014; Claus, Jordan, Eigel, Marriott, & Shaw, 1998; Claus, Wang, & Marriott, 1997). Addition of salt to pre-rigor meat prevents further development of rigor, thus retains the pre-rigor func tionality of meat (Pisula & Tyburcy, 1996). The economic benefit of pre-rigor deboning is to conserve space, electricity, and workforce (Pisula & Tyburcy, 1996). Wang, Xu, and Zhou (2009) reported that sausage prepared from pre-rigor meat had a greater water-holding ca pacity, less total expressible juice (5% less), less purge loss (up to 1.4% less), and better texture than post-rigor sausage. However, pre-rigor meat is more commonly used for fresh pork sausage such as bratwurst (Claussen et al., 2017) than for cooked beef sausage, mostly because of logistic issues of beef harvest and deboning and safety concerns of E. coli (USDA/FSIS, 2017).
Despite its economic and processing advantages, pre-rigor deboning has been adopted very cautiously by the meat industry because it is still uncertain whether pre-rigor deboning can ensure high standards of sanitary and safe meat (Reid, Fanning, Whyte, Kerry, & Bolton, 2017;
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because carcass surface temperature is 15 to 20 °C immediately after slaughter, supporting the survival and growth of these pathogens (Lee, Fung, & Kastner, 1985; Reid et al., 2017). The overall prevalence of Salmonella enterica in beef carcasses and ground beef across United States was up to 7.5 and 4.2%, respectively, 94.2% of which contained 2 log CFU/g or less (Bosilevac, Guerini, Kalchayanand, & Koohmaraie, 2009; Rhoades, Duffy, & Koutsoumanis, 2009). Moreover, beef is one of the major sources of > 25% of all reported E. coli outbreaks and > 40% of related illnesses. E. coli has long been used as an indicator of fecal contamination and the presence of pathogens (Scott et al., 2003) such as Salmonella in meat (McCain et al., 2015). In addition, the growth of lactic acid and saccharolytic bacteria occurs rapidly in pre-rigor beef, especially with slow chilling rate (Lee et al., 1985; Smulders & Woolthuis, 1985). During sausage production, grinding, salting, and batter formulation are the key processing steps, substantially altering characteristics of raw materials and cooked sausage (Noor, Radhakrishnan, & Hussain, 2016). They are points of contamination, but they also serve as critical control points for microbial interventions (Noor et al., 2016).
Hence, the objective of the current study was to determine the
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effects of deboning time (pre- or post-rigor), three steps of sausage processing (grinding, salting, and batter formulation), and storage time (of raw materials and cooked sausage) on the growth of aerobic bac teria, lactic acid bacteria, and inoculated Salmonella and E. coli.
2. Materials and methods
2.1. Experimental design and treatment application
Five 24-month old Holstein steers were slaughtered in the federally inspected Mississippi Meat Science and Muscle Biology Laboratory. Carcasses were decontaminated by 80 °C hot-water wash and 3% acetic acid spray, an approved HACCP measure. The left chuck primals were deboned and lean trimming was ground to 1.27-cm particle size, and salted (1.5% w/w) using a 50-lb capacity paddle mixer within 2 h post mortem (pre-rigor treatment). Pre-rigor beef lean trimming was then immediately chilled to 2 °C by mixing with dry ice (crushed powder; 15% w/w; Sorheim, Uglem, Lea, Claus, & Egelandsdal, 2006), covered, and stored aerobically in plastics lugs at 2 °C. The right chuck primals remained on the carcasses and were deboned at 72 h post-mortem (post-rigor treatment). Lean trimming was cubed and stored aerobically at 4 °C until sausage processing without immediate salting. Post-rigor lean trimming was ground to a 1.27-cm particle size on the same day of sausage processing. Salting of post-rigor meat was performed after 1.27- cm grinding, however, before and separately from batter formulation for the purpose of sampling post-rigor salted beef. During deboning, fat trimming was collected from beef briskets, chucks, rounds, and plates on the same beef sides, separated from lean trimming, and processed similarly to lean trimming of the same treatment. Ground beef (ap proximately 50 lbs. of lean and 20 lbs. of fat trimming) was processed into sausage batter (approximately 50-lb batches) at 6 d post-mortem. Lean and fat trimmings were ground separately through 0.16-cm plate and mixed with ingredients. Fat and lean were then blended together and ground again through 0.16-cm plate. Sausage batter was produced using a proprietary formula including beef bratwurst spice mix, water/ ice slurry, corn syrup, erythorbate, nitrite, salt, and 0.25% (w/w) so dium tripolyphosphate. Antimicrobials (lactate and diacetate salts) were omitted. The sausage batter was stuffed into 32-mm synthetic collagen casings, tied into 15.2-cm links, and cooked by a generic smoked sausage cook cycle (pre-drying, smoking, steaming, and shower) to a core temperature of 74 °C. Cooked sausage was chilled for 24 h, vacuum-packaged (oxygen transmission rate of 3 to 6 mL per m2 per 24 h at 4.4 °C and 0% relative humidity and moisture vapor transmission rate of 0.5 to 7.75 × 10−4 to 9.3 × 10−4 g per cm2 per 24 h at 37.8 °C and 100% relative humidity; Cryovac B2620 barrier bags, Sealed Air Corporation, Duncan, SC) with 5 sausage links per package, and stored at 2 °C for 0, 30, 60, 90, and 120 d. The storage length was based on the typical commercial processing conditions and expectations, which usually allows 3 to 4 weeks for vacuum-packaged sausage to reach various markets, and 30 to 120 d to be sold. Equip ment used for sausage production and cooking was cleaned with hot water and soap thoroughly between each experimental unit (batch of sausage).
2.2. Sample collection and preparation
During sausage production, triplicate 25-g samples were collected after grinding (ground beef - GB), after salting (salted beef - SB), and after formulating sausage batter (beef sausage batter - BB) for in oculation with Salmonella and E. coli. These processing steps were chosen because they markedly changed the physical, chemical, and microbiological attributes of raw materials and cooked sausage. They all involved mixing and were potentially points of cross-contamination. For aerobic and lactic acid bacteria plate counts, triplicate 10-g samples were also collected after each processing step. Pre-rigor GB and SB were collected on the day of deboning because coarse-grinding and salting
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were required to maintain pre-rigor properties. However, post-rigor beef was only cubed, not ground on the day of deboning. Post-rigor GB samples were collected on the day of sausage production, after 1.27-cm coarse grinding, but before salting, 0.16-cm fine grinding, and batter formulation. This is to mimic normal timeline of post-rigor sausage production. Salting of post-rigor beef was performed separately from batter formulation so that post-rigor SB samples could be collected. This also followed typical industry practice to improve extractability of proteins before adding water/ice slurry, fat trimming, and other dry ingredients. Cooked sausage was sampled on d 0, 30, 60, 90, and 120 from vacuum packages. Sausage samples were frozen in liquid nitrogen, pulverized to fine powder, and stored at −80 °C for subsequent de termination of aerobic plate count and lactic acid bacteria.
2.2.1. Salmonella and E. coli strains and inoculum preparation Three strains of Salmonella including Salmonella enterica ser. Typhimurium ATCC 14028, S. enterica ser. Enteritidis ATCC 4931, and S. enterica ser. Braenderup ATCC BAA-664 (Hardy Diagnostics, Santa Maria, CA) and generic E. coli (Hardy Diagnostics, Santa Maria, CA) were used in the current study. All Salmonella serotypes were in dividually cultured in trypticase soy broth (TSB) (Beckton Dickinson and Company, Durham, NC) supplemented with 50-mg/L nalidixic acid (Sigma-Aldrich, St. Louis, MO) (Weissinger, Chantarapanont, & Beuchat, 2000). Individual stock cultures were stored at 4 °C on bril liant green agar supplemented with 50-mg/L nalidixic acid. A single colony was suspended in 10 mL of TSB supplemented with 50-mg/L nalidixic acid and incubated at 37 °C for 24 h to reach a stationary phase concentration of 108 CFU/mL. The bacterial suspensions in TSB were centrifuged at 3300 ×g for 10 min and the pellets were suspended in 0.1% (w/v) sterile peptone water. A cocktail of the three strains was prepared by mixing equal volumes of the suspensions. The cocktail was serially diluted in 0.1% (w/v) sterile peptone water to prepare an in oculum containing 106 CFU/mL of Salmonella. E. coli stock cultures were prepared in EMB agar supplemented with 20-mg/L nalidixic acid and stored at 4 °C. A single colony was suspended in 10 mL of TSB supplemented with 20-mg/L nalidixic acid and incubated at 37 °C for 24 h to reach a stationary phase concentration of 108 CFU/mL. The bacterial suspension in TSB was centrifuged at 3300 ×g for 10 min, and the pellet was suspended in 0.1% (w/v) sterile peptone water. The suspension was serially diluted in 0.1% (w/v) sterile peptone water to prepare an inoculum containing 105 to 106 CFU/mL of E. coli.
2.2.2. Salmonella and E. coli inoculation and storage
Triplicate 25-g samples were inoculated with 100 μL of inoculum containing 6 log CFU/mL of Salmonella. Separate triplicate 25-g sam ples were inoculated with 100 μL of 5 log CFU/mL of E. coli inoculum. The final inoculated concentration for Salmonella and E. coli. Was 3.0 to 3.5 log and 2.5 to 2.6 log CFU/g, respectively, based on the preliminary trials to determine inoculum concentration and d-0 concentrations (Figs. 4 and 5). Inoculated samples were stored for 0, 3, 7, and 10 d at 4 °C. The d-0 samples were given 30-min attachment before bacterial cells were extracted and enumerated.
2.3. Sample analysis
2.3.1. pH
pH of GB, SB, and BB was recorded in triplicate by inserting a portable digital FC 2320 digital probe with temperature compensation (Hanna Instruments United States, Inc., Woonsocket, RI) directly into the samples. For cooked sausage, 1 g of pulverized sample was mixed with 10 mL of deionized water and pH was recorded by a temperature compensation probe (Accumet 13-620-631, Fisher Scientific, Waltham, MA). Both pH meters were calibrated with pH 4, 7, and 10 buffers.
2.3.2. Water activity (aw)
Water activity of fat trimming, GB, SB, and BB was measured by a
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portable Aqualab Pawkit water activity meter (Decagon Devices Inc., Pullman, Washington, USA). The instrument was calibrated using 6-M NaCl solution (aw = 0.76) and 13.41-M lithium chloride solution (aw = 0.25).
2.3.3. Aerobic plate count (APC) and lactic acid bacteria count (LAB) A 10-g sample was mixed with 90 mL of 0.1% (w/v) sterile peptone water in a sterile Whirlpack™ bag and homogenized by gentle hand shaking for 2 min. The homogenate was serially diluted with 0.1% (w/ v) sterile peptone water by 100-fold, and 1 mL of each dilution was plated onto a 3 M™ APC Petrifilm™ (3 M Corporation, St. Paul, MN). The Petrifilm™ was incubated at 37 °C for 48 h, and red colored colonies were counted (Interpretation guide- 3 M™ APC Petrifilm™). Counts were reported as log CFU/g. To determine LAB counts, 0.5 mL of the homogenate was mixed with 0.5 mL of commercially available MRS broth (Laboratory Media Corporation, Batavia, IL) and plated on 3 M™APC Petrifilm™. The plates were incubated aerobically for 48 h at 37 °C, red colonies were counted, and LAB was reported as log CFU/g. Both samples and dilutions were weighed and analyzed in duplicate.
2.3.4. Salmonella and E. coli enumeration
Each 25-g inoculated sample was mixed with 225 mL of 0.1% (w/v) sterile peptone water in a Whirlpack™ bag and homogenized by gentle hand shaking for 2 min. For Salmonella, 100 μL of the homogenate was plated in duplicate onto XLD agar plates supplemented with 50-mg/L nalidixic acid. The plates were incubated at 35 °C for 48 h and black colonies with a metallic sheen were counted as Salmonella. For E. coli, a similar extraction was performed, and 100 μL of the homogenate was plated onto EMB agar plates supplemented with 20-mg/L nalidixic acid in duplicate. The plates were incubated at 35 °C for 48 h and dark purple colonies with green sheen were counted as E. coli. Bacterial counts were reported as log CFU/g.
2.4. Statistical analysis
Data were analyzed as a split-plot design nested in a randomized complete block design with animal serving as the random block. Processing step (grinding - GB, salting - SB, or formulating batter - BB) and/or storage time served as split-plot factor. Both processing step and storage time were used in the statistical model to analyze Salmonella and E. coli data. However, only processing step was used in the statis tical model to analyze pH, APC, and LAB of raw beef mixtures; whereas only storage time was used for cooked sausage. A generalized linear mixed model was used with deboning time (pre- or post-rigor), pro cessing step, and/or storage time serving as fixed effects, and animal serving as a random block effect. Analysis of variances was performed in the GLIMMIX procedure of SAS 9.4 (SAS Institute Inc., Cary, NC). Means, if different, were separated by a protected t-test in the LSMEANS option of the GLIMMIX procedure. Comparison of APC between GB and beef fat was performed by a paired t-test. Statistical significance was determined at P ≤ 0.05 unless otherwise noted.
3. Results and discussion
3.1. pH
The pH of raw beef was greater in pre-rigor samples (6.78, 6.07, and 6.01 in GB, SB, and BB, respectively) than in post-rigor ones (5.84, 5.56, and 5.76 in GB, SB, and BB, respectively; P ≤ 0.036). Within the pre rigor treatment, the pH was greater in GB (6.78) than SB and BB (6.07 and 6.01; P < 0.001). Within the post-rigor treatment, the pH was greater in GB (5.84) than in SB (5.56; P = 0.021); however, pH values for BB (5.76) and SB did not differ (P = 0.094). After cooking, pH of cooked sausage was 6.17 (pre-rigor) to 6.00 (post-rigor). Although pH of cooked sausage was gradually decreased to 5.69, 5.41, and 5.19 on d 60, 90, and 120, pH was similar between pre-and post-rigor treatments
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across storage times (P = 0.662).
Similar to the current study, previous studies have reported a greater pH in sausage prepared from pre-rigor muscle than those pre pared from post-rigor muscle (Laury & Sebranek, 2007; Lin, Topel, & Walker, 1979). The pH of pre-rigor pork sausage was 6.2 and that of post-rigor sausage was 5.6 (Laury & Sebranek, 2007). This is a result of incomplete conversion of muscle to meat in pre-rigor muscle because both anaerobic metabolism and muscle contraction are inhibited, which prevents pH decline. Addition of salt suppresses glycolysis and muscle contraction, possibly because of its denaturation effect on glycolytic enzymes and ATPase (Hamm, 1977). However, Claus and Sorheim (2006) suggested that a salt concentration of 1.7% was not enough to inhibit glycolysis completely in pre-rigor ground beef, even if the meat is immediately chilled. In the current study, 1.5% salt was used, which might not be sufficient to prevent the initial pH from declining. How ever, addition of more salt will jeopardize technological and sensory attributes of raw meat. Moreover, pH decline during storage of cooked sausage was likely caused by the growth of LAB in vacuum packages (Sachindra, Sakhare, Yashoda, & Narasimha Rao, 2005). Lactic acid bacteria metabolize simple carbohydrates such as glucose, fructose, mannose, ribose, and their phosphate derivatives (Koutsidis et al., 2008) in meat to lactic acid (Pothakos, Devlieghere, Villani, Björkroth, & Ercolini, 2015).
3.2. Water activity
Water activity of fat trimming, GB, SB, and BB was not affected by deboning time (P = 0.908) but by processing step (P < 0.001). The aw started at 0.98 for both GB and fat trimming (P = 0.745), was de creased to 0.90 in SB (P < 0.001), but increased back to 0.94 in BB, which was still less than initial aw in beef lean and fat trimmings (P < 0.001).
In the current study, addition of salt decreased aw of beef trimming. This phenomenon has been well-documented (Nguyen, Rigalma, Coroller, Dadure, Debaets, Mounier, & Vasseur, 2017; Matthews & Strong, 2005). This reduction in aw suppresses microbial growth be cause water is less available to microorganisms (Scott, 1957). In an environment with low aw, water effluxes rapidly from the cell, causing cellular shrinkage, and changing cellular shape and metabolic activities (Morbach & Krämer, 2002; Aronsson & Rönner, 2001; Plemenitaš et al., 2014).
3.3. APC and LAB count
Aerobic plate count and LAB count of GB, SB, and BB were not in fluenced by beef deboning time (P = 0.660: Fig. 1). Among processing steps, APC was greatest in GB (2.72 log CFU/g; P ≤ 0.001) compared with SB and BB (2.26 and 2.25 log CFU/g, respectively; Fig. 1). Aerobic plate count of beef fat was 0.9 and 1.7 log CFU/g for pre- and post-rigor treatments, respectively, and did not differ (P = 0.063). As expected, APC of beef fat was 1.4 log less than that of GB (P < 0.001). No LAB was detectable in raw meat mixtures sampled during sausage proces sing. In vacuum-packaged beef sausage, APC was not influenced by deboning time (P = 0.897; Fig. 2). However, APC was increased from 2.03 log CFU/g on d 0 to 3.22 log CFU/g on d 30 of storage (P = 0.008; Fig. 2). Aerobic plate counts were 3.11, 3.64, and 3.77 log CFU/g on d 60, 90, and 120 of storage, respectively, all of which were similar and did not differ from APC on d 30 (P ≥ 0.201). Lactic acid bacterial count was not influenced by deboning time (P = 0.135), but by storage time (P < 0.001; Fig. 3). Lactic acid bacteria in vacuum-packaged sausage was increased (P < 0.001) from 0.55 log CFU/g on d 0 to 2.50 log CFU/g on d 30, remained unchanged on d 60 (3.2 log CFU/g; P = 0.071), but further increased to 3.42 and 3.80 log CFU/g on d 90 and d 120, respectively (Fig. 3; P ≤ 0.019).
Aerobic bacterial count in raw beef mixtures in the current study was less than what has been reported and was well below the suggested
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Fig. 1. Aerobic plate count (mean ± SEM; log CFU/g) of raw beef mixtures deboned pre- and post-rigor (group on the left), averaged across three processing steps and of raw beef mixtures from three processing steps (group on the right; grinding - GB; salting - SB, and batter formulation - BB), averaged across de boning times. Within each group, means without common let ters differ (P ≤ 0.05). Detection limit was 1 log CFU/g.

Pre-rigor Post-rigor GB SB BB

spoilage level of 7 log CFU/g for raw meat (Ercolini et al., 2011). The count has been reported at 4.7 log CFU/g or more in coarsely ground beef (Eisel, Linton, & Muriana, 1997; Jay, Vilai, & Hughes, 2003), which was greater than an average of 2.7 and 1.3 log CFU/g in both GB and beef fat, respectively, in the current study. Aerobic bacterial load greatly depends on many factors such as conditions of incoming whole muscles (Dorsa, Cutter, & Sirgusa, 1998; Eisel et al., 1997), slaughter equipment, and hygiene of slaughter environment (Phillips, Jordan, Morris, Jenson, & Sumner, 2006). Beef quarters with 3 to 5 log CFU/ cm2 of APC resulted in an APC of 5 to 7 log CFU/g in ground beef patties (Oblinger, Kennedy Jr, & West, 1984). Raw meat emulsion contained on average 2.7 log CFU/g of Enterobacteriaceae/g, 5.2 log CFU/g of mesophoilic count, and 4 log CFU/g of LAB count (Borch, Nerbrink, & Svensson, 1988). Beef trimming in the current study was single-sourced; therefore, it had less bacterial count than multi-sourced trimmings typically used in the industry (Pohlman et al., 2009). Moreover, Chung, Dickson, and Grouse (1989) reported that pro liferation of bacteria was slower in fat tissues than in lean tissues, possibly because fat tissues lack protein required for microbial growth (Grau & Vanderlinde, 1993). Hence, the mixing of fat during sausage processing would not increase bacterial load of sausage batter because in addition to having less APC, fat trimming was used with much smaller proportion than lean triming in sausage formulation. Results in the current study, showing a reduction of APC throughout sausage processing, were similar to those reported by Sachindra et al. (2005), with 5.4 log CFU/g in raw minced buffalo meat, 5 log CFU/g in sausage batter, and 3.7 log CFU/g in cooked sausage. This might be caused by salt addition, batter emulsification, and a dilution effect by fat
4.5
trimming. Salt addition suppresses APC (Tyopponen, Petaja, & Mattila Sandholm, 2003); whereas salt reduction in sausage increases APC (Aaslyng, Vestergaard, & Koch, 2014). Similarly, O'Connor, Brewer, McKeith, Novakofski, and Carr (1993) reported that ground pork for mulated with NaCl (2.5% w/w) had up to 1 log CFU/g of APC less than ground pork without salt addition until d 14 of storage at 4 °C. Salt concentration in the current study was only 1.5%, resulting in an ap proximately 0.5-log reduction, less effective in decreasing bacterial load than 2.5% salt. However, as stated previously, more salt addition was not advised for pre-rigor processing because more salt would need to be added later for protein extraction and binding. Reduction of APC from raw sausage batter to cooked sausage was expected because of lethal effect of thermal processing. It has been concluded that most APC of cooked sausage was caused by cross-contamination from processing environment, packers' hands and working surfaces (Dykes, Cloete, & von Holy, 1991).
Sachindra et al. (2005) reported that the total plate count in va cuum-packaged, cooked buffalo sausage was increased by 2.3 log CFU/ g in 32 d of storage at 4 °C. However, in the current study, APC in cooked sausage was only increased by 1.2 log CFU/g from d 0 to d 30 in vacuum packages at 4 °C. Moreover, there was no further increase in APC from d 30 to d 120, which could be explained by the growth of LAB, producing lactic acid and carbon dioxide and causing pH to de cline (Korkeala, Lindroth, Ahvenainen, & Alanko, 1987). Carbon di oxide also made the package environment more anaerobic, which was not suitable for the growth of aerobic bacteria. Sachindra et al. (2005) reported that LAB was increased at a greater rate (5 log CFU/g) than APC (2 log CFU/g) in vacuum packages of cooked sausage at 4 °C for
Fig. 2. Aerobic plate count (mean ± SEM; log CFU/g) of
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cooked and vacuum-packaged beef sausage from pre- and post rigor beef averaged across storage time (group on the left) and stored for 0, 30, 60, 90, and 120 d at 4 °C averaged across de boning times (group on the right). Within each group, means without common letters differ (P ≤ 0.05). Detection limit was 1 log CFU/g.
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Fig. 3. Lactic acid bacteria count (mean ± SEM; log CFU/g) of cooked and vacuum-packaged beef sausage from pre- and post rigor beef averaged across storage time (group on the left) and stored for 0, 30, 60, 90, and 120 d at 4 °C averaged across de boning times (group on the right). Within each group, means without common letters differ (P ≤ 0.05). Detection limit was 1 log CFU/g.

Pre-rigor Post-rigor d 0 d 30 d 60 d 90 d 120

32 d. Moreover, the 5-log increase in 32 d of vacuum storage reported by these authors was greater than the 2-log growth rate in 30 d in the current study. Lactic acid bacteria were the major microorganism re sponsible for spoilage of sausages stored in vacuum packages at 4 °C. The LAB count in spoiled sausages has been reported to be 7 log CFU/g, a level reached in 40 to 45 d in vacuum packages at 4 °C (Korkeala et al., 1987). Although starting at a non-detectable level, similar to what was reported by these authors, the LAB count in the current study was much < 7-log on d 120. However, signs of spoilage had occurred on d 120 of vacuum storage at 4 °C. Growth of LAB decreased pH, as previously discussed, to 5.19, indicating deterioration of organoleptic quality at this point. Sources of LAB contamination of meat include factory microflora, processing hygiene, and packaging and storage conditions (Samelis, Kakouri, & Rementzis, 2000). In the current study, even though LAB count was increased in vacuum-packaged cooked sausage during refrigerated storage, it was not detected in GB, SB, and BB, confirming that anaerobic environment favored the growth of LAB.
3.4. Salmonella and E. coli
Salmonella counts were not affected by deboning time (P = 0.251; Fig. 4) with average Salmonella counts in pre- and post-rigor beef across processing steps and across storage times were 3.23 and 3.28 log CFU/ g, respectively. However, sausage processing decreased Salmonella count from 3.57 log CFU/g in GB to 3.13 and 3.06 log CFU/g in SB and BB, respectively (Fig. 4; P < 0.001). Salmonella counts of GB, SB, and BB from both pre- and post-rigor beef were all gradually increased over storage time, from 3.21 log CFU/g on d 0 to 3.29 log CFU/g on d 10
4.0
a
(Fig. 4; P < 0.001).
There was a 2-way processing step × storage time interaction for E. coli count (Fig. 5; P = 0.022). E. coli count was decreased in GB from d 0 (2.57 log CFU/g) to d 3 (2.17 log CFU/g; P = 0.006), but increased by d 7 (2.51 log CFU/g; P = 0.018), and remained unchanged on d 10 (2.50 log CFU/g; P = 0.953). In SB, E. coli counts were similar on d 0 (2.51 log CFU/g) and d 3 (2.53 log CFU/g; P = 0.883), but was de creased by d 7 (2.40 log CFU/g; P = 0.047) before being increased by d 10 (2.53 log CFU/g; P = 0.014). No change in E. coli count was ob served in BB from d 0 to 10 (2.51 to 2.59 log CFU/g; P ≥ 0.169). Averaged across deboning times, similar E. coli count was determined for GB, SB, and BB on d 0 (day of inoculation; 2.51 to 2.58 log CFU/g; P ≥ 0.530). On d 3, E. coli count in GB was 2.2 log CFU/g, less than both SB and BB (2.5 log CFU/g; P ≤ 0.001). However, by d 7 and d 10, E. coli count on GB, SB, and BB returned to a similar concentration of 2.4 to 2.5 log CFU/g (P ≥ 0.091).
Reid et al. (2017) similarly reported no effect of pre-rigor deboning on Salmonella counts in beef, compared with post-rigor deboning. However, greater proliferation of mesophilic bacteria in pre-rigor beef than in post-rigor beef (3.7 vs. 2.7 log CFU/cm2 in 14 d) under re frigeration has been previously reported (Fung, Kastner, Hunt, Dikeman, & Kropf, 1980). Van Laack and Smulders (1991) also reported a slight reduction in aerobic mesophilic bacteria (0.1 log CFU/g) by pre rigor deboning in restructured beef steaks. In the current study, under 4 °C storage, there was only 0.1-log CFU/g increase in Salmonella count in raw beef mixtures from three processing steps after d 10. Although statistically significant, it is important to note that this rate of pro liferation is not technologically meaningful. This statistical significance
Fig. 4. Salmonella count (mean ± SEM; log CFU/g) of pre- and
post-rigor beef (group on the left; averaged across mixtures and
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storage time), from three processing steps (group in the middle; averaged across deboning time and storage time; grinding - GB; salting - SB, and batter formulation - BB), and on each storage time point (group on the right; averaged across deboning time and processing steps). Within each group, means without common letters differ (P ≤ 0.05). Detection limit is 2 log CFU/ g.
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Fig. 5. E. coli count (mean ± SEM; log CFU/g) of raw beef mixtures from three processing steps (grinding - GB; salting - SB, and batter formulation - BB) stored for 0, 3, 7, and 10 d at 4 °C, averaged across deboning times. A 2-way processing step × -
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was a result of minimal variation within and among days, indicating that the experiment was well-controlled. Supporting the findings in the current study, Mackey, Roberts, Mansfield, and Farkas (1980) reported that Salmonella multiplied very slowly in beef chilled at 7 °C or below. Therefore, 4 °C storage modeled in the current study, typical of modern meat processing, might have resulted in very slow Salmonella growth over a 10-d period. This finding suggested that raw beef mixtures during sausage processing could be stored at 4 °C with minimal pro liferation of pathogenic bacteria such as Salmonella. In addition to temperature effect, Salmonella count in GB was greater than in SB and BB, suggesting lethal effects of salt on Salmonella, similar to previous discussion on aerobic bacteria. Bactericidal impact of salt has been widely reported (Hajmeer, Ceylan, Marsden, & Fung, 2006; Marsden, 1980; Sofos, 1984). Hajmeer et al. (2006) exposed Salmonella Typhi murium and E. coli O157:H7 to sodium chloride solutions of 0, 5, and 10% and observed that irregularities occurred in cellular morphology such as elongation, partial disintegration of cell membrane, and loss of cell integrity. Nguyen et al. (2017) similarly reported hyperosmotic stress, delaying fungal development in foods as a response to sodium chloride exposure and water activity reduction. Gibson, Bratchell, and Roberts (1988) observed a 3-fold increase in generation time of Sal monella in tryptic soy broth when salt concentration was increased from 0.8 to 4.5%, thereby slowing down the growth rate. It is worth noting that initial Salmonella counts in raw mixtures from three processing steps of both pre- and post-rigor beef were similar, indicating a well controlled and consistent preparation and inoculation among re plicates. Lethal impact of salt was also not observed in E. coli; however, a slight decrease was found in GB, which could be attributed to residual effect of 3% acetic acid spray during harvest. Upon chilling, the effects of organic acids were diminished. On the contrary, Glass, Loeffelholz, Ford, and Doyle (1992) and Omer et al. (2010) reported the bacterio static effect of 1.5% sodium chloride on in vitro growth of E. coli. However, various studies on E. coli O157:H7 indicated that this pa thogen survive salt concentration of > 2.5% (Reitsma & Henning, 1996; Winkler, Garcia, Olson, Callaway, & Kao, 2014). Moreover, ex posure to acidic conditions such as residual organic acid sprayed on beef carcasses increased cross-protection against sodium chloride (Garren, Harrison, & Russell, 1998). This finding emphasizes the im portance of controlling E. coli in beef processing because unless anti microbials are used, salting and other further processes may not provide sufficient lethal effects on E. coli. In the current study, E. coli count was not increased further on d 7 and 10 and was similar among processing steps. This phenomenon might be explained by competitive inhibition of pathogenic bacteria by spoilage microflora (Mattila-Sandholm & Skytta, 1991).
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4. Conclusion
The findings in the current study suggested that pre-rigor beef, si milar to post-rigor beef, if processed and stored properly under re frigeration within 7 d of deboning, can be used to produce cooked beef sausage without foreseeable bacteriological risks. Salting and re frigeration are the deciding processing steps to minimize growth of aerobic bacteria, including Salmonella, however, are less effective on E. coli. Cooked pre-rigor sausage can be refrigerated in vacuum packages for 30 d without significant microbial growth. Above 30 d, although aerobic bacteria remained below spoilage level, lactic acid bacteria in vacuum environment reached 3 to 4 log CFU/g from a non-detectable level on d 0, resulting in pH decline and possible development of un desirable flavors such as sourness. Organoleptic attributes of cooked sausage must be evaluated to ascertain the end of shelf life.
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