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ABSTRACT

Avian Influenza virus H5N1 2.3.4.4.b has recently 
been detected in cattle, with milk from infected animals 
reported to contain a high viral load, serving as a poten-
tial source for shedding and dissemination of this virus. 
Currently, pasteurization is the only widely recognized 
method for on-farm inactivation of H5N1 in milk. A cur-
rent concern is that according to USDA data, less than 
50% of large dairy farms pasteurize non-saleable milk, 
with a much lower percentage occurring in medium and 
small dairy farms. The objective of this pilot study was 
to evaluate the effect of milk acidification to a pH of ~4.0 
to 4.4 and lactoperoxidase system (LPS) on the inactiva-
tion of low pathogenic avian influenza (LPAI) and highly 
pathogenic avian influenza (HPAI) in raw whole milk. 
Initial trials in our study used the LPAI H6N2 virus as 
a surrogate for HPAI H5N1. For the milk acidification 
trials, citric acid was used to acidify milk. For evaluation 
of milk acidification and LPS, milk samples were in-
oculated with LPAI H6N2, with samples collected before 
and after treatment at various times. Evaluation of virus 
viability was conducted using specific-pathogen-free 
(SPF) embryonated chicken eggs and viral quantification 
using real-time quantitative PCR (RT-qPCR). Three acid-
ification experiments were conducted using milk spiked 
with LPAI H6N2. Given the positive outcome observed 
in the inactivation of LPAI with citric acid, a fourth 
trial was conducted with milk containing a high load of 
H5N1 originating from actively infected cows. Our find-
ings observed that MILK ACIDIFICATION with a pH 
between 4.1 and 4.2 resulted in the inactivation of LPAI 
H6N2 and HPAI H5N1 virus in milk after 6 h of treat-
ment. Milk treatment with LPS was not effective for the 
inactivation of the H6N2 virus, and no further trials were 
conducted for this treatment option. This is the first study 
reporting the effectiveness of MILK ACIDIFICATION 

for the inactivation of HPAI H5N1 in milk originating 
from animals infected with H5N1. Milk acidification is 
an effective, accessible, and easy-to-use alternative to 
milk pasteurization, and future studies should evaluate 
the on-farm effectiveness of acidification of non-saleable 
milk to inactivate H5N1.
Keywords: H5N1, milk acidification, non-saleable milk, 
viral inactivation

INTRODUCTION

On March 25th, the US Department of Agriculture 
(USDA) reported the first confirmed detection of Highly 
Pathogenic Avian Influenza (HPAI) A (H5N1 clade 
2.3.4.4b genotype B3.13) virus in dairy cattle and unpas-
teurized milk samples from cattle in Texas and Kansas in 
4 dairy herds (USDA, 2024). Since its first identification, 
the National Veterinary Services Laboratories (NVSL) 
has reported the detection of this virus in dairy cattle in 
multiple states (USDA). Cattle infected with H5N1 may 
be asymptomatic or present clinical signs that can include 
apparent systemic illness, reduced milk production, and 
abundant virus shedding in milk (Burrough et al., 2024, 
Rodriguez et al., 2024). H5N1 2.3.4.4.b has been shown 
to possess features that facilitate infection and transmis-
sion in mammals, including a receptor-binding specific-
ity for a dual human/avian-type receptor-binding, and a 
tropism for mammary glands in dairy cattle (Eisfeld et 
al., 2024). The virus's tropism for the mammary gland 
leads to high viral load and shedding in milk, represent-
ing a concern for the potential for transmission of the 
virus to animals and humans (Butt et al., 2024).

A study conducted by researchers from the Food and 
Drug Administration (FDA) and the United States De-
partment of Agriculture (USDA) has demonstrated that 
standard US continuous flow high-temperature-short-
time (HTST; 72°C for 15s) pasteurization parameters 
will effectively inactivate H5N1 in milk (Spackman et 
al., 2024). Furthermore, a study evaluating both low-
temperature-long-time (LTLT) (batch pasteurization; 
63°C for 30 min) and HTST demonstrated effective in-
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activation of H5N1 clade 2.3.4.4b virus spiked into raw 
whole milk (>6 log) (Alkie et al., 2025). Together, these 
studies support pasteurization as an effective method for 
the treatment of milk containing H5N1, making it a safe 
product for animal and human consumption.

Although pasteurization is an effective method for de-
activation of H5N1 when considering this practice used 
for the treatment of non-saleable milk i.e., waste milk; 
(WM), the use of this method on dairy farms is variable. 
As per the USDA National Animal Health Monitoring 
System (NAHMS) data from dairy farms, only 43.8% 
of large operations (500 cows or more), 3% of medium 
operations (100–499 cows), and 1% of small operations 
(fewer than 100 cows) pasteurize WM before feeding it 
to calves (USDA, 2016). The potential for WM with a 
high viral load of H5N1 that is not inactivated before dis-
posal or re-purpose for animal consumption, represents a 
health risk for animals consuming this milk and humans 
handling this milk, and a potential source for spread of 
the virus within and between farms. One study evaluat-
ing the pathogenicity of feeding mice with H5N1 virus-
containing milk originating from an H5N1-infected cow 
demonstrated a rapid induction of signs of disease by d 1 
postinfection and virus dissemination to respiratory and 
non-respiratory organs by d 4 postinfection (Eisfeld et 
al., 2024). In another study, 12 Holstein calves (5 to 6 mo 
of age) inoculated with US H5N1 bovine isolate geno-
type B3.13 (H5N1 B3.13) through their nostrils using an 
atomization device resulted in moderate nasal replication 
and shedding with no severe clinical signs or transmis-
sion to sentinel calves (Halwe et al., 2024). A current 
concern for which limited data is available is the feeding 
of raw whole milk containing H5N1 to calves. In their 
discussion, Halwe et al. (2024) indicated that data from 
their study should not necessarily represent exposure to 
H5N1 expected from calves ingesting milk containing 
H5N1, given that the aerosolized dose used for nostril 
inoculation of calves in their study would not generate 
comparable results, representing a much lower expo-
sure dose when compared with milk ingestion. Similar 
findings were observed in another study that inoculated 
heifer’s aerosol respiratory route with the same H5N1 
strain used by Halwe et al. (2024), with mild clinical 
signs, and infection was confirmed by virus detection, 
lesions, and seroconversion (Baker et al., 2024). To our 
knowledge, no study to date has evaluated the pathoge-
nicity and transmission of preweaned calves fed H5N1 
virus-containing milk originating from an H5N1-infected 
cow.

Due to the biological risk of H5N1 on the farm, and the 
potential challenges and barriers to adoption of pasteuri-
zation of waste milk by dairy farms, our project focused 
on evaluating alternative methods for deactivating H5N1 
in raw milk. Two methods were selected for evaluation, 

namely milk acidification and the lactoperoxidase sys-
tem (LPS), based on data supporting biological plausi-
bility for effectiveness to inactivate H5N1, low cost of 
implementation, accessibility, and ease of use. The LPS 
activates the enzyme lactoperoxidase which is naturally 
present in milk that has an antimicrobial action and is 
generally recognized as safe (GRAS) by the FDA for use 
in milk (FDA, 2016). The LPS is effective as an antiviral 
against influenza A in cell-free experimental systems, 
however, no studies have been conducted evaluating the 
LPS antiviral effect on H5N1 in milk (Patel et al., 2018).

Acidification of milk to a pH between 4.0 to 4.5 and 
feeding to pre-weaned calves is a practice that has be-
come common in recent years in some regions of the 
US, intending to lower the milk pH to a point where it 
is unsuitable for bacterial growth and survival, without 
undesirable health side effects on calves (Parker et al., 
2016, Todd et al., 2018, Garzon et al., 2020). Acidify-
ing milk to a pH between 4.1 and 4.4 has resulted in a 
reduction in coliform and aerobic bacterial growth in raw 
bulk tank milk (Chen et al., 2020), colostrum (Collings 
et al., 2011), and milk replacers (Todd et al., 2016), as 
well as results in a lower incidence of diarrhea in calves 
compared with calves fed pasteurized milk (Chen et al., 
2020). Poultry research has investigated the capabilities 
of litter acidification in the inactivation of avian influ-
enza. Results showed the inactivation of low pathogenic 
H6N2 with a commonly known litter amendment based 
on sodium bisulfite (Figueroa et al., 2021).

The overarching objective of this pilot study was to 
evaluate the effect of the LPS and milk acidification on 
the inactivation of influenza A virus H5N1. Secondary 
objectives include the evaluation effect of various low 
pH values on the deactivation of LPAI. Our assumption 
was that the use of a LPS and milk acidification would 
result in the inactivation of the influenza A virus in raw 
whole cow milk after treatment.

MATERIALS AND METHODS

Study Design

A step-by-step approach was used for our pilot study, 
with trials that initially utilized LPAI H6N2 as a surro-
gate for HPAI H5N1. Based on the results from these 
trials, methods were created to evaluate the inactiva-
tion of H5N1 virus-containing milk originating from an 
H5N1-infected cow. The reason for using this approach 
was practicality and safety. Low pathogenic H6N2 can 
be used in a BSL2 laboratory and poses a reduced risk to 
laboratory workers. The first trial was conducted on May 
14, 2024, when the virus had been confirmed in only 9 
states and a total of 27 dairy farms (USDA).

Crossley et al.: In laboratory inactivation…
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Viruses

LPAIV endemic isolate A/Chicken/California/2000 
(H6N2) was used in all LPAI experiments. The virus 
was replicated and titrated in 9- to 11-d-old specific-
pathogen-free (SPF) embryonated eggs as previously 
described (L. Dufour-Zavala, 2008). Procedures involv-
ing the HPAIVs were performed under the Select Agent 
Program at the California Animal Health and Food Safety 
Laboratory. Activities involving LPAIVs were performed 
at the California Animal Health and Food Safety Labora-
tory, University of California, Davis.

Influenza A testing

Egg inoculation and reverse transcriptase quantitative 
PCR (RT-qPCR) testing was conducted at the California 
Animal Health & Food Safety Lab System (CAHFS, Da-
vis, CA). Virus isolation in embryonated eggs is consid-
ered the gold standard for avian influenza virus isolation 
in samples collected in suspicious cases and was used in 
our study for both LPAI and HPAI trials (Monne et al., 
2008, Zhang and Gauger, 2020). For each sample, col-
lected for egg inoculation viability testing, milk samples 
were mixed 1:1 with a standard antibiotic cocktail con-
taining, Penicillin (10,000 IU/ml), Streptomycin (6,000 
ug/ml), Gentamicin sulfate (1,000 ug/ml), Kanamycin 
sulfate (650 ug/ml), and Amphotericin B (10 ug/ml). The 
treated samples were held at room temperature for one 
hour and then processed for virus isolation using standard 
egg inoculation techniques (Williams, 2016). Briefly, 2 
hundred µL of the antibiotic-treated samples were inocu-
lated into the allantoic cavity of Specific Pathogen Free 
chicken eggs (AVS Bio) and incubated for up to 5 d or 
until embryo death was observed. Eggs dying before 24 
h of inoculation were considered non-specific mortality. 
Allantoic fluid harvested from eggs was stored at −70°C 
for further analysis. The viral particles/μL (RNA cop-
ies/μL) were calculated after RT-qPCR, by conducting 
a standard curve using 5 serial dilutions (102 – 106) in 
triplicate of an armored RNA construct (Armored RNA 
Quant, Asuragen, Austin, TX; Catalog Number #49220).

RT-qPCR testing for the Avian Influenza virus was per-
formed using the protocol provided by the National Ani-
mal Health Laboratory Network (NAHLN). The NAHLN 
protocols targeting the matrix genes and the hemaggluti-
nin gene for the subtypes H5 and H5 GsGd include input 
from peer-reviewed publications (Spackman et al., 2002, 
Wise et al., 2004, Spackman and Suarez, 2008, Xing et 
al., 2008, Van Borm et al., 2010, Spackman, 2020). After 
each of the RT-qPCRs was done in milk or allantoic fluid 
a Ct value was recorded. A decrease in the Ct value after 
egg inoculation and harvest means the virus replicating in 
the egg and confirms virus viability (Hauck et al., 2021)

Low Pathogenic Avian Influenza (LPAI) Trials

A total of 3 LPAI milk acidification trials (trials 1, 2, 
and 3) and one LPS trial were conducted. For the LPAI 
trials, fresh milk samples from cows were provided by a 
local dairy farm. Milk was kept refrigerated in a cooler 
with ice during transport from the farm to the laboratory, 
and the chilled milk was used for inoculation with LPAI 
and milk acidification, with the rest of the experiment 
being conducted with the milk exposed to environmental 
temperature. HPAI virus may be inactivated due to ther-
mal conditions, as was shown in a study that over a period 
of days, HPAI may have long-term stability at 4°C, but 
even at temperatures as low as 20°C, a 3-log reduction in 
the virus titers can occur within 7 d (Nooruzzaman et al., 
2024). For our study, a control sample was exposed to 
the same thermal conditions as that of the milk receiving 
treatment, accounting for potential inactivation caused 
by thermal conditions alone.

An aliquot for each raw milk sample was submitted 
for milk quality parameter testing, including milk, fat, 
protein, and solids-nonfat (SNF) percent (Table 1). For 
each trial, milk from 2 different cows was used. For all 
milk acidification trials, the pH of milk was measured 
using a pH meter (Traceable Calibrated pH/ORP Meter, 
Cole-Parmer Instrument Company, LLC, Vernon Hills, 
IL).

LPAI Milk Acidification

Three trials were conducted, with slightly different 
objectives: Trial 1, with the specific objective of evaluat-
ing deactivation of LPAI in milk at a pH of 4.2; Trial 2, 
with the specific objective of evaluating deactivation of 
LPAI in milk at a pH of 4.4; and Trial 3, with the specific 
objective of evaluating deactivation of LPAI in milk at 
a pH of 4.1. For all trials, LPAI milk acidification was 
performed by adding citric acid.

For trial 1 had the following groups: 1) Non-treated 
control group inoculated with LPAI H6N2; and 2) 
Treated group inoculated with LPAI H6N2. A total of 2 
replicate trials were conducted, one using milk from cow 
“A” and the other using milk from cow “B” (Table 1). 
For inoculation, milk samples (9 mL) were spiked with 
1 mL of allantoic fluid containing LPAI/H6N2 (Ct value 
= 15.5) and inverted repeatedly over 1 min. Before the 
milk acidification, a pre-treatment sample was collected 
for egg inoculation and qPCR testing for H6N2. For the 
milk acidification treatment group, a total of 42 mg of 
citric acid powder was used, adding approximately 14 
mg at a time, and slowly inverting the tube containing 
the milk 3 to 4 times between additions, to reach a pH of 
4.2. Following the milk solution was vortexed for 10 s at 
1500 rpm. Upon reaching the desired pH, a time zero (0) 

Crossley et al.: In laboratory inactivation…
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sample was collected, with repeated collection of samples 
after 1 h (1) and 6 h (6). Samples were collected in paral-
lel for the control group. After time point 0, the tubes 
were vortexed at 1500 rpm every 30 min to minimize pH 
variation over time. For each sampling time point, a 500 
μL sample was collected for quantification of H6N2, and 
a 500 μL sample was collected for egg inoculation. Trial 
1 replicates occurred on May 14th, 15th, and 16th, 2024.

For the LPAI milk acidification trial 2, the main goal 
was to evaluate the treatment effect when using a higher 
pH, which would reduce the amount of citric acid needed 
to reach the desired pH. A total of 6 replicate trials were 
used for trial 2, 3 using milk from cow “C” and 3 using 
milk from cow “D” (Table 1). The protocol followed the 
same step-by-step as trial 1. For the M milk acidification 
AC group, a total of 60 mg of citric acid powder was 
used, adding approximately 20 mg at a time, and slowly 
inverting the tube containing the milk 3 to 4 times be-
tween additions, to reach a pH of 4.4, following methods 
used for trial 1. For trial 2, the post-LPAI spiked sample 
was measured for pH again for time points 0, 1, 2, 4, and 
6. Trial 2 3 replicates occurred on June 17th, 18th, and 
20th, 2024.

For the LPAI milk acidification trial 3, the main goal 
was to re-evaluate a lower pH for the treatment of milk, 
given poor outcomes observed for a higher pH of 4.4. A 
total of 6 replicate trials were used for trial 3, 3 using 
milk from cow “E” and 3 using milk from cow “F” (Table 
1). The protocol followed the same step-by-step as trial 
1. For the milk acidification treatment group, a total of 87 
mg of citric acid powder was used, adding approximately 
29 mg at a time, and slowly inverting the tube containing 
the milk 3 to 4 times between additions, to reach a pH of 
4.1. Furthermore, more sampling points were included in 
trial 3 to obtain a higher data granularity and including 
samples at time zero (“0 hr”), 1 h (1), 2 h (2), 4 h (4), 
and 6 h (6) (Figure 1). For trial 3, the post-LPAI spiked 
sample was measured for pH again for time points 0, 1, 
2, 4, and 6. Trial 3 3 replicates occurred on August 19th, 
20th, and 21st, 2024.

HPAI H5N1 Milk Acidification

For the HPAI milk acidification trial, an H5N1 virus-
containing milk originating from an H5N1-infected cow 
was used. Milk was kept refrigerated at 4°C before being 
used for the study, and the chilled milk was used for inoc-
ulation milk acidification, with the rest of the experiment 
being conducted with the milk exposed to environmental 
temperature. Two treatment groups were evaluated: 1) 
the control group not treated for acidification; and 2) the 
acidification treated group. Before the acidification of 
the milk, a pre-treatment sample was collected for egg 
inoculation and RT-qPCR testing for H5N1. A 10 mL 
milk aliquot for the control and milk acidification group 
was created. For the milk acidification treatment group, 
a sterile water solution containing citric acid at 0.5 g/ml 
was used to slowly reach a pH of 4.1. A solution with cit-
ric acid was used to facilitate the treatment of milk, given 
the small volume. After the pH of 4.1 was reached, the 
milk solution was vortexed for 10 s at 1500 rpm. If a pH 
of roughly 4.1 was not reached more citric acid solution 
was added until the desired pH value was obtained. Upon 
reaching the desired pH, samples were collected follow-
ing at time 2 h (2), 4 h (4), 6 h (6), 8 h (8), and 10 h (10). 
Samples were collected in parallel for the non-acidified 
control group. After “0hr” sample collection, the tubes 
were vortexed at 1500 rpm every 30 min to minimize 
pH variation over time. For each sampling time point, a 
500 μL sample was collected for RT-qPCR quantification 
of H5N1, and a 500 μL sample was collected for egg 
inoculation. For the H5N1 milk acidification trial, the 
post-LPAI spiked sample was measured again for pH for 
time points 0, 1, 2, 4, 6, 8, and 10. For the H5N1 milk 
acidification trial, 3 replicates occurred on October 10th, 
11th, and 14th, 2024.

LPAI Milk LPS Treatment

The milk used for the LPS milk trials was kept refrig-
erated in a cooler with ice during transport from the farm 
to the laboratory, and the chilled milk was used for in-

Crossley et al.: In laboratory inactivation…

Table 1. Milk quality parameters for raw whole milk collected from individual dairy cows from a dairy farm in 
California. For each LPAI H6N2 milk acidification trials (1, 2 and 3) and lactoperoxidase system trial (LPS), milk 
from two cows was used, with half of the replicates using milk from each of these cows (e.g., for the six replicates 
conducted for trial 2, three used milk from cow “E” and another three used milk from cow “F”)

Trials   Cow Milk Fat (%) Milk Protein (%) Lactose (%) SNF (%)1

1 & LPS   A 5.48 3.36 4.50 8.95
1 & LPS   B 5.85 2.90 4.72 8.68
2   C 5.53 3.35 4.92 9.45
2   D 4.30 3.68 4.84 9.70
3   E 4.13 3.43 4.67 9.28
3   F 4.77 3.67 4.89 9.81
1SNF, solids-nonfat.
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oculation with LPAI and LPS treatment, with the rest of 
the experiment being conducted with the milk exposed to 
environmental temperature. For the LPS milk treatment, 
there were 2 groups: 1) the control group inoculated with 
LPAI H6N2 but not treated with LPS, and 2) LPS treated 
group inoculated with LPAI H6N2. A total of 2 replicates 
were used for trial 1, one using milk from cow “A” and 
one using milk from cow “B” (Table 1). For inoculation, 
milk samples were spiked with 1mL of allantoic fluid 
containing LPAI/H6N2 (Ct value = 15.5), and the tube 
containing the milk was inverted repeatedly for 1 min to 
ensure dilution of the virus throughout the sample. Be-
fore LPS treatment of the milk, a pre-treatment sample 
was collected for egg inoculation and RT-qPCR testing 
for H6N2. Replicate H6N2 spiked milk samples were 
separated into 2 94 mL aliquots for the control and LPS 
treatment group. For the LPS, activation occurs by the 
addition of thiocyanate as sodium thiocyanate and hydro-
gen peroxide in the form of sodium percarbonate (FAO/
WHO, 1991, Awol et al., 2023). Following that approach, 
for the LPS treatment group, a milk sample of 94 mL 
was treated with 0.0019g of sodium thiocyanate powder 
and stirred for 1 min. Following, 0.0030g of sodium per-
carbonate powder was added, and milk was stirred for 3 
min. Following, the solution was not handled for 5 min 
to allow the enzymatic reaction to take place, after which 
time zero (0) samples were collected, with repeated col-
lection samples after 30 min (30) and 1 h (1) (Figure 
2). LPS protocol and timeline for sample collection were 
based on prior studies on the activation of LPS in milk 
(FAO/WHO, 1991, FDA, 2016). Samples were collected 

in parallel for the non-LPS H6N2 inoculated control 
group. Lactoperoxidase activity was not measured and 
represents a limitation of this pilot study. For each 
sampling time point, a 500 μL sample was collected for 
qPCR quantification of H6N2, and a 500 μL sample was 
collected for egg inoculation. The LPS trial had 3 repli-
cates that occurred on May 14th, 15th, and 16th, 2024.

Statistical Analysis

Following common practice for RNA data presentation 
and analysis, the data was log-transformed using based 
10 (Log10) in JMP. Descriptive data analysis was con-
ducted in JMP Pro 17.2 (SAS Institute, Cary, NC). The 
assumption of normality for the log10 viral RNA copies/
μL data was tested using the Shapiro-Wilk W test, and 
the assumption of homogeneity of variance was tested 
using Levene’s test using JMP Pro 17.2. Because the 
log10 viral RNA copies/μL data for all trials rejected as-
sumptions of normality using the Shapiro-Wilk W test, 
a non-parametric test was used to analyze the data. For 
the log10 viral RNA copies/μL data, the Kruskal-Wallis 
non-parametric test was used for pair-wise comparison 
between treatment groups within each time point, and 
Dunn All Pairs for joint ranks was used for pair-wise 
comparison between 2 times points within a treatment 
group. For all analyses, a P-value of <0.05 was the 
threshold of significance.

Crossley et al.: In laboratory inactivation…

Figure 1. Descriptive outline of LPAI milk acidification for Trial 3, including time points when samples were collected, and specific testing 
conducted for each sample, including RT-qPCR (PCR), and Specific Pathogen Free (SPF) chicken eggs inoculation. A control sample was collected 
before the milk sample was aliquoted into the treatment and control group, with that sample being inoculated into 3 SPF eggs. Following, for each 
of the 5 time points (0, 1, 2, 4, and 6hrs after treatment), milk samples were collected and inoculated into 3 SPF eggs, resulting in a total of 15 SPF 
eggs being inoculated per treatment group, and a total of 30 SPF eggs being inoculated for both treatment and control group.
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RESULTS

Milk quality parameters for the LPAI milk acidifica-
tion and LPS trials and each milk replicas are presented 
in Table 1. Means and standard error (μ ± 95% SD) for 
each milk quality parameter were: 5.01 ± 0.71 for milk 
fat percent, 3.40 ± 0.28 for milk protein percent, 4.75 ± 
0.16 for lactose percent, and 9.31 ± 0.43 for solids-nonfat 
percent.

LPAI Milk LPS Treatment

The least squares means (LSM) for log10 viral RNA 
copies/μL for LPAI H6N2 in the allantoic fluid at each 
time point for the LPAI milk acidification trials are pre-
sented in Figure 2. Data for the detection of live avian 
influenza A virus in milk for the milk acidification study 
is presented in Table 2. For all positive control groups in 
the trials, live virus was detected at all time points tested.

For LPAI milk acidification trial 1, a significantly low-
er log10 viral RNA copies/μL for RT-qPCR was observed 
in the milk acidified group at time point 6 compared with 
the control group (Figure 3). Results for the detection of 
live LPAI H6N2 consistently found no live virus detected 
for both replicates at 6 h for the milk acidification group 
(Table 2). The mean value and standard deviation for 
the milk pH for the milk acidification group for LPAI 
milk acidification trial 1 at time point 0 was 4.1 ± 0.05 
(Figure 4).

For LPAI milk acidification trial 2, a significant dif-
ference was not observed for any time point between 
milk acidification and the control group for log10 viral 

RNA copies/μL for RT-qPCR (Figure 3). Although a 
significant difference between milk acidification and 
the control group was not observed at 6 h, or between 2 
times points within a treatment group for RNA copies/
μL, a noticeable numeral difference was observed, with a 
decrease observed for milk acidification over time, with 
no relevant variation observed for the control group. For 
the results for detection of live LPAI H6N2, half of the 
replicates had no live virus detected at time point 6 h for 
the milk acidification group, while the other half had a 
live virus detected by that time point. The split in these 
findings coincided with the milk sample used, with all 
samples with a no live virus detection being from the 
trial that used milk from cow C, and all samples with a 
no live virus detection being from the trial that used milk 
from cow D (Table 1). A noticeable difference between 
these cows was a numerically higher milk fat percent for 
cow C, at 5.53%, when compared with cow D, at 4.30%. 
The mean and standard deviation values for the milk pH 
for the milk acidification group for all replicates and time 
points was 4.32 ± 0.06, and the mean values of pH for 
each time point for LPAI milk acidification trial 2 are 
outlined in Figure 4.

For LPAI milk acidification trial 3, a significant 
difference was observed at time point 0 between milk 
acidification and the control group, with significantly 
higher log10 viral RNA copies/μL for milk acidification 
when compared with the control group. Furthermore, in 
trial 3, significantly lower log10 viral RNA copies/μL 
was observed for milk acidification when compared with 
the control group at time point 6 (Figure 3). For trial 3, 
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Figure 2. Descriptive outline of LPAI lactoperoxidase system (LPS) trial, including time points when samples were collected, and specific testing 
conducted for each sample, including RT-qPCR (PCR), and Specific Pathogen Free chicken eggs inoculation. A control sample was collected before 
the milk sample was aliquoted into the treatment and control group, with that sample being inoculated into 3 SPF eggs. Following, for each of the 3 
time points (0, 30 min and 1 h after treatment), milk samples were collected and inoculated into 3 SPF eggs, resulting in a total of 9 SPF eggs being 
inoculated per treatment group, and a total of 18 SPF eggs being inoculated for both treatment and control group.
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within the milk acidification group, a significantly lower 
log10 viral RNA copies/μL for RT-qPCR was observed for 
time point 6 when compared with time point 0. Similar 
to LPAI milk acidification trial 1, results for detection of 
live LPAI H6N2 consistently found no live virus detected 
for all replicates at time point 6 h for the milk acidifica-
tion group (Table 2). At time point 4, 4 replicates had 
no live virus detected, and 2 replicates had live virus 
detected, and these were equally distributed for the 3 
replicates conducted using milk from cows E and F, with 
2 replicates with no live virus, and one with live virus 
detected at time point 4. The mean value and standard 
deviation for the milk pH for the milk acidification group 
for all replicates and time point for LPAI milk acidifica-
tion trial 3 was 4.08 ± 0.05, and mean values of pH for 
each time point are outlined in Figure 4.

HPAI H5N1 Milk Acidification

For the HPAI H5N1 trial, milk originating from an 
H5N1-infected cow, significantly lower log10 viral RNA 
copies/μL for RT-qPCR were observed for the milk acidi-
fication group when compared with the control group. 
Similar to LPAI milk acidification trial 1 and 3 using 
LPAI H6N2, results for detection of live LPAI H6N2 
consistently found no live virus detected for all replicates 
at time point 6 h for the milk acidification group (Table 
2). At time point 4, one replicate had no live virus de-

tected, and 2 replicates had live virus detected. The mean 
value and standard deviation for the milk pH for the milk 
acidification group for all replicates and time point for 
trial 3 was 4.16 ± 0.03, and mean values of pH for each 
time point are outlined in Figure 4.

LPAI Milk LPS Treatment

For the trial evaluating the lactoperoxidase system 
(LPS), no significant difference was observed between 
LPS and the control group, or within time points for a 
treatment group, for log10 viral RNA copies/μL for RT-
qPCR, indicating no significant treatment effect of LPS 
for reduction of LPAI H6N2 virus in milk under the treat-
ment protocols evaluated (Figure 3). Milk cows from 
cows A and B were used for trial 3 (Table 1).

DISCUSSION

Our findings suggest milk acidification as an effec-
tive approach for completely inactivating HPAI H5N1 in 
milk originating from cows infected with H5N1. After 
6 h of treatment with milk acidification, H5N1 was not 
observed in either the LPAI H6N2 trials or in the HPAI 
H5N1 trial (Table 2). To our knowledge, this is the first 
report for the complete inactivation of HPAI H5N1 in 
whole milk using milk acidification. For the H5N1 milk 
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Table 2. Detection of live avian influenza A virus in milk in the milk acidification study by viral isolation in 
embryonated SPF eggs. For trials where samples for specific time points for hours after milk acidification were not 
available (n/a) were indicated in the table. For all control groups in the trials, a live virus was detected for all time 
points tested

Hours after LPAI H6N22

 

HPAI H5N12

Milk acidification treatment1 Trial 13 Trial 24 Trial 35 Trial

0 +6/+ +/+/+/+/+/+ +/+/+/+/+/+ NA
1 +/+ +/+/+/+/+/+ +/+/+/+/+/+ NA
2 NA +/+/+/+/+/+ +/+/−/+/−/+ +/+/+
4 NA +/+/+/+/+/+ +/−/-/+/−/- -/+/+
6 -7/- −/−/-/+/+/+ −/−/−/−/−/− −/−/-
8 NA NA NA −/−/-
10 NA NA NA −/−/-
1Time in hours after milk acidification treatment reached the desired pH for each trial.
2Results for detection of live virus for each trial at various time points for highly pathogenic avian influenza virus 
(HPAI) and low pathogenic avian influenza virus (LPAI). Each result for each trial and time point combination 
represents test results from replicates. Not available (n/a) indicates that no samples were collected for that time 
point for the referred trial.
3In order, the first virus viability represents replicates using cow A, and the second using cow B (Table 1).
4In order, the first three virus viability results represent replicates using cow C, and the following three virus vi-
ability results represent replicates using cow D (Table 1).
5In order, the first three virus viability results represent replicates using cow E, and the following three virus vi-
ability results represent replicates using cow F (Table 1).
6Live virus detected.
7Lives virus not detected.
Abbreviations: HPAI, highly pathogenic avian influenza virus; LPAI, low pathogenic avian. influenza virus; SPF, 
specific-pathogen-free.
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acidification trial, we observed that milk acidification 
resulting in a significant reduction in viral load.

Similar findings on the inactivation of influenza A 
virus have been observed for studies conducted on sub-
strates other than milk. One study evaluating the effect 
of an acidifier amendment on the inactivation of LPAI 
in litter observed that acidifier amendment immediately 
inactivated LPAI virus when directly mixed with the vi-
rus and in the presence of broiler litter (Figueroa et al., 
2021). Different from our study, the study by Figueroa 
et al. (2021) used sodium bisulfate for acidification, and 
a much lower pH of ~1, which may explain the quicker 
inactivation effect observed. Because the long-term goal 
of evaluating acidification of milk in our study was for 
both safe disposal of milk without active H5N1 virus and 
potential use for feeding preweaned calves on the farm, 
maintaining a pH within the range evaluated is important 

to reduce potential safety, nutritional, and palatability as 
evaluated by previous studies, and which could limit the 
use of acidified milk as a feed source for calves (Todd et 
al., 2017, Denholm, 2022). The use of citric acid instead 
of other available acids is considered, with thoughts 
focused on the palatability and products approved and 
classified as generally recognized as safe by the FDA (, 
Anderson, 2009).

In a brief report, the inactivation of H5N1 in lactose 
using acidification was evaluated. For this study, lactose 
was inoculated with HPAI H5N1 clade 2.3.4.4b, and 
various concentrations of citric acid between 0.1 and 
0.6% were evaluated for inactivation of H5N1(Kwon et 
al., 2024). In their study, they observed that citric acid 
at 0.6% was effective at inactivating H5N1 inoculated 
in lactose at 2.15 × 105 50% Tissue Culture Infectious 
Dose/ml (TCID50/ml) after 20 min. Although this study 
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Figure 3. Least squares means of RNA copies/μL in allantoic fluid of eggs inoculated with milk with LPAI H6N2 after milk received treatment 
with acidification. Respective control groups for each trial are reported. Data is presented for each of the 3 trials conducted, with target milk 
acidification pH of 4.2, 4.4, and 4.1 for Trials 1, 2, and 3, respectively. Error bars represent the 95% confidence interval of the LSM. Different letters 
indicate a significant difference between treatment groups within each time point when using the Kruskal-Wallis non-parametric test. The red asterisk 
(*) indicates a significant difference between 2 times points within a treatment group when using Dunn All Pairs for joint ranks.
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observed similar findings as ours, a quicker inactivation 
of HPAI was observed at 20 min, versus 6 h in our study. 
These differences could be due to the major difference 
in substrate used, with our study using whole milk, and 
the use of milk with H5N1originating from animals in-
fected with H5N1. A comparison between pH values for 
the study by Kwon et al. (2024) and our study cannot 
be evaluated because the pH of acidified lactose was not 
provided in their study, and further comparisons consid-
ering pH limits for utilization of post-acidified substrate 
cannot be considered.

An interesting finding in our study was for LPAI milk 
acidification trial 2, where viral inactivation was only ob-
served in replicates for milk from cow C when compared 
with those from cow D (Table 2). This finding raises the 
potential hypothesis for a greater virucidal effect in milk 
with a higher fat content when compared with milk with 
a lower fat content, a major difference in milk composi-
tion between cows C and D (Table 1). Our study does not 
have a sufficient sample size to evaluate this hypothesis, 
and further studies with milk acidification for the inacti-
vation of HPAI should consider evaluating the effect of 
milk fat. Previous studies have demonstrated an antimi-
crobial activity, which may explain the observed effect of 
higher fat with a more effective inactivation of the HPAI 
virus. In one study, digestion products of bovine milk tri-
glycerides and membrane lipids were tested in vitro and 
demonstrated effective bactericidal effects against many 
common enteric bacterial pathogens, including due to the 
effect of fatty acids (C10:0 and C12:0), lysosphingolipids, 

and sphingolipids. In another study, enveloped viruses, 
such as HPAI, were shown to be lipid-sensitive, being 
affected by fatty acid present in milk (Thormar et al., 
1987). Further studies designed to specifically evaluate 
the effect of milk fat components' virucidal effect against 
HPAI are needed to fully evaluate this potential effect.

Another main difference in trial 2 when compared 
with trial 3, for which effective inactivation of LPAI 
was observed for all replicates at time point 6, was a 
significantly lower pH (Figure 4), with mean and stan-
dard deviation values of 4.08 ± 0.05 and 4.32 ± 0.06, 
respectively. The pH for the H5N1 milk acidification 
trial, which resulted in similar outcomes as that of trial 
3, also used a lower pH, at 4.16 ± 0.03. Another relevant 
finding for our study, independent of the initial pH, was a 
very low variability in the pH once milk acidification oc-
curred throughout the following time point. From these 
findings, our recommendations would be to acidify milk 
at a pH between 4.05 and 4.2, with an ideal target pH as 
close to 4.1 as possible. The low variability in pH of milk 
acidification supports the practical use of this practice, 
as it does not require adjustments of pH after initial milk 
acidification occurs and emphasizes the importance of 
correctly conducting this initial step to secure effective 
treatment outcomes that result in H5N1 inactivation.

The lactoperoxidase system (LPS) was not observed 
to be an effective method for the inactivation of LPAI 
H6N2 in milk (Figure 6). In one in vitro study where a 
cell-free experimental system was used to characterize 
the virucidal effect of substrate of LPS (namely thiocya-
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Figure 4. Mean values for pH measures for milk acidified treatment group for each trial by time point. Error bars represent the 95% confidence 
interval of the mean. For trial 1, pH was measured only for time point zero. Different letters indicate a significant difference in pH between trials 2, 
3, and 5 when the same time points were available using Dunn All Pairs for joint ranks. Trials 1, 2, and 3 evaluated milk acidifications on inactivation 
of LPAI H6N2, and trial 5 evaluated milk acidification on inactivation of HPAI. Initial target pH for milk acidification groups for each of the trials 
1, 2, 3, and 5 was of approximately 4.2, 4.4, 4.1, and 4.1, respectively.
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nate or iodide, and the hydrogen peroxide) against vari-
ous influenza viruses, LPS substrates were effective at 
inactivating H1N1, H1N2, and H3N2 after exposure for 
1 h (Patel et al., 2018). The study by Patel et al., (2018), 
differed from our study by not testing this effect in milk, 
and by directly testing LPS substrates, and not natural 
activation of the LPS system and following generation of 
substrates. Our study considered specific conditions for 
evaluating LPS, and future research considering the use 
of this method may consider increasing the time points 
for evaluation of LPS activity, as well as considering the 
use of different concentrations of LPS in milk.

A main limitation of this pilot study was the small 
sample size. The in vitro testing conducted was designed 
to maximize the accuracy in the evaluation of the main 
treatment effect being evaluated, including through se-
quential time point sampling with comparison within a 
treatment group, and between the treatment group and 
a control group, for which the only difference was the 
application of the treatment proposed. Through this ap-
proach, we aimed to retain scientific rigor that secures a 
robust and unbiased experimental design, methodology, 
analysis, interpretation, and reporting of results. Future 
studies should expand the evaluation of the effect of 
milk acidification on H5N1 2.3.4.4.b under field condi-
tions, including through using a larger sample size, and a 
wider representation of milk with various compositions, 
including fat, to consider the potential synergistic effect of acidification of milk with other components, that to-

gether could affect inactivation of the virus in milk.

CONCLUSIONS

Our pilot study findings suggest milk acidification as 
an effective approach for completely inactivating HPAI 
H5N1 in milk originating from cows infected with H5N1 
under laboratory conditions. After 6 h of treatment with 
milk acidification, whole raw milk containing H5N1 was 
not observed in either the LPAI H6N2 trials or in the 
HPAI H5N1 trial. Our findings support an ideal mean 
target pH for milk acidification of 4.1, avoiding a pH 
above 4.2 due to the potential reduced effect on H5N1 
inactivation in milk. Our study observed that milk with a 
higher fat percent may affect milk acidification treatment 
effect, enhancing LPAI H6N2 inactivation when com-
pared with milk with a lower pH; however further studies 
are needed to confirm this finding in our study. Together, 
our study supports the effectiveness of milk acidifica-
tion for the inactivation of H5N1 in milk, serving as a 
potential alternative to pasteurization for the inactivation 
of HPAI H5N1. Further studies evaluating HPAI H5N1 
inactivation using milk acidification in a herd infected 
with H5N1 are needed to evaluate our findings under 
farm conditions.
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Figure 5. Least squares means (LSM) of RNA copies/μL in allan-
toic fluid of inoculated eggs for the LPAI H6N2 lactoperoxidase system 
(LPS) trial for each time point (hrs). Error bars represent the 95% con-
fidence interval of the LSM. Using a non-parametric test, no significant 
difference was observed between the treatment group within each time 
point, or between time points within the same treatment group.

Figure 6. Least squares means (LSM) of RNA copies/μL in allantoic 
fluid of inoculated eggs for the H5N1 milk acidification trial for each 
time point (hrs). Error bars represent the 95% confidence interval of 
the LSM. Different letters indicate a significant difference between 
treatment groups within each time point when using the Kruskal-Wallis 
non-parametric test. No significant difference between 2 times points 
within a treatment group when using Dunn All Pairs for joint ranks was 
observed.
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