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Women use a variety of practices to handle and store their pumped breast milk. Little is known 

about how these practices influence milk’s bacterial composition.  

 

We conducted an in-home randomized, controlled, crossover trial and an observational substudy 

within it. Fifty-two women pumped the same breast twice within 3.5 h, once with their own 

pumps and collection kits (“own” supplies) and once with a multiuser pump and sterile collection 

kits (“sterile” supplies). The type of pump supplies used first was randomized. Milk samples 

were separated into sterile containers and processed within 2 h after expression or after storage in 

home refrigerators for 2 or 4 d, or in home freezers for up to 30 d with or without refrigeration 

for the first 4 d. Before women pumped with their own supplies, the following areas were 

swabbed: areolas, women’s hands, collection kits, pump tubing, and infants’ mouths. Bacterial 

composition was assessed via aerobic culturing (milk only) and high-throughput sequencing of 

the V1-V3 region of the 16S rRNA gene from DNA extracted from samples (milk and swabs). 

Women’s pumping practices were recorded.  

 



 

 

Culture and 16S analyses revealed the bacterial composition of milk collected with women’s 

own supplies contained several times more live aerobic and gram-negative bacteria, and >7 times 

more Proteobacteria than milk collected with sterile supplies. The majority of these extra bacteria 

likely originated from milk collection kits and survived refrigeration, freezing, or both better 

than native milk bacteria (bacteria in milk collected with sterile supplies). More rigorous 

cleaning practices (e.g., sterilization versus washing or rinsing) were associated with 

significantly fewer bacteria in milk collected with women’s own supplies, including several 

times lower odds of milk being culture-positive for gram-negative bacteria.  

 

This research revealed typical real-life pumping practices changed the bacterial composition of 

breast milk, most notably by adding live gram-negative bacteria and Proteobacteria. The majority 

of these extra bacteria likely originated from milk collection kits and survived storage better than 

native milk bacteria. These findings can contribute to the development of evidence-based 

recommendations for handling and storing pumped milk pumped. More research is needed to 

understand the implications of these findings for infant and maternal health. 
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CHAPTER 1 

INTRODUCTION 

“Breastfeeding” fundamentally changed with the advent of modern breast pumps (1-8). 

Breastfeeding—feeding a baby at the breast—is an adaptive biobehavioral interaction between 

mother and infant, resulting from millions of years of natural selection (9-11). At the turn of the 

second millennium, advances in breast pump technologies and campaigns to promote 

breastfeeding fueled a cultural shift in breastfeeding practices. Now more women than in recent 

decades are choosing to feed their milk (12), but many are substituting some or all feeds at the 

breast with pumped milk (4, 5, 13-16). This shift in breastfeeding practices is worldwide (13, 15-

18) and may be beneficial if it means more infants receive human milk for longer lengths of 

time. However, the implications of pumping and feeding pumped milk for infant and maternal 

health are not well understood, particularly for healthy dyads and infants born at term. 

Investigation of the potential benefits and consequences of these practices is necessary to ensure 

guidelines for infant feeding practices are current and evidence based. 

This dissertation centers on the effects of modern pumping and storage practices on the 

bacterial composition of pumped milk. Women use a wide variety of practices to pump, handle, 

and store their milk (6, 7, 19). Little is known about how these practices influence the milk’s 

bacterial composition. This is important because human milk has prebiotic, probiotic, and 

bactericidal activities (20-22) that are thought to play an essential role in establishing the infant 

gastrointestinal microbiome and promoting optimal health (23-29). Knowledge about how these 

components are influenced by commonly used practices for handling and storing pumped milk, 

such as pumping in public spaces or storing milk in domestic refrigerators and freezers, is 

essential to creating evidence-based guidelines for handling and storing pumped milk. This 
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dissertation begins to fill this knowledge gap by providing information about how modern 

pumping and storage practices influence the bacterial communities in pumped milk. 

The overarching hypothesis of this dissertation is that native milk bacteria die during 

storage and new ones are added during pumping. Thus we hypothesize that, compared to feeding 

at the breast, feeding pumped milk may reduce the vertical transfer of bacteria from mother to 

infant and may increase the infant’s exposure to exogenous bacteria. Later chapters will describe 

the results of our randomized trial and observational substudy that tested this hypothesis. The 

remainder of this chapter includes a review of how the use of modern breast pumps has changed 

the definition of breastfeeding; current recommendations for pumping, handling, and storing 

pumped milk; how these recommendations lack information to provide sufficient guidance to 

women, and how our study fills some of these gaps. 

Bottled Human Milk: A Cultural Change in What It Means to Breastfeed 

Human milk is globally recognized as the optimal source of infant nutrition; as such, it is 

an important part of young infants’ diets through at least the first year of life (30, 31). This 

acknowledgement is based in part on the composition of human milk. Human milk is a complex 

mix of nutrients, antioxidants, stem cells, immune cells, and other biologically active molecules 

that protect infants from infection and promote their proper growth and development (32-35). 

These components change within a feed, diurnally, and over the course of lactation (32), changes 

that seem in accord with the needs of the growing infant. Compared to formula-fed infants, 

infants fed human milk at the breast have a lower risk of gastrointestinal illnesses, ear infections, 

asthma, obesity, type 2 diabetes, early-onset inflammatory bowel disease, and sudden infant 

death syndrome, or SIDS, in both the near and long term (33, 36, 37). These differences are 

apparent even among infants in settings where sanitation is good (33, 38). Given the unique 
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composition of human milk and health benefits attributed to feeding at the breast, public health 

organizations worldwide endorse breastfeeding. 

However, feeding at the breast is not always available or desired by the mother. For 

example, some women experience persistent difficulties feeding at the breast or work outside of 

the home (6, 39-41); others simply prefer not to nurse (5). Expressing milk makes it possible for 

mothers to give infants their milk when feeding at the breast is not an option.  

For centuries, women have used various types of pumps to express their milk (42-44); 

however, most pumps on the market before the turn of the second millennium were hand-

operated and often ineffective. In contrast, the development of affordable, high-efficiency, 

portable electric breast pumps in the early 2000s allowed women to express their milk with ease 

and for several months (13), resulting in their rapid and widespread adoption. In Australia, 

pumping rates doubled between 1992-2003 from 38% to 69% (15). In Hong Kong, rates of 

exclusive pumping, pumping without feeding at the breast, quadrupled between 2006-2012 from 

5.1% to 20% (16). Though trend data are unavailable for the U.S., in 2005-2007, >90% of U.S. 

women pumped at least once; about a third did so regularly or exclusively (13). The proportion 

of U.S. women who pump is likely higher now because the 2010 Patient Protection and 

Affordable Care Act mandated insurance companies to cover the cost of breast pumps (45), 

which improved women’s access to them (46). 

The development of modern breast pumps and their widespread use has changed the 

meaning of “breastfeeding.” What once meant feeding a baby at the breast now, for many 

women, means feeding human milk (1). For many dyads, this means feeding pumped milk from 

a bottle exclusively or in addition to feeding at the breast (1, 5-7). This change in feeding 

behaviors may be beneficial if it means more infants are fed human milk for longer periods of 
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time. However, feeding human milk from a bottle disrupts the two purported mechanisms from 

which the benefits of “breastfeeding” are derived, namely the composition milk (21, 23, 24, 33) 

and the physiological process of consuming milk at the breast (11, 47). It is well established that 

longer durations of storage and handling can result in more bacteria (48-58) and fewer immuno-

protective components in pumped milk (59-68). The implications of these changes in milk 

composition for infant health are unknown. Moreover, bottle-feeding increases the negative 

pressure required for the suck-swallow-breath pattern characteristic of infants nursing at the 

breast (47). This causes milk to pool in the mouth and, when combined with lying down, enter 

the nasal cavity and Eustachian tubes (47, 69). Thus, bottle-feeding, regardless of whether it is 

pumped human milk or commercial infant formula in the bottle, may increase the risk of upper-

respiratory and ear infections compared feeding at the breast. Some evidence exists for the 

assertion that pumped milk fed from a bottle is associated with a higher risk of upper-respiratory 

and ear infections compared to feeding at the breast (70, 71), though available evidence suffers 

from low sample size and inadequate control for potential confounding factors, such as daycare 

attendance. Given its popularity, more research is warranted to understand the implications of 

feeding pumped milk for infant health compared to feeding at the breast. 

Handling and Storage Guidelines for Pumped Milk: Current Evidence and Gaps in 

Knowledge 

Knowledge about appropriate pumping, handling, and milk storage practices is essential 

to preserving the unique qualities of human milk and ensuring it is safe to drink (72-74). Public 

health organizations worldwide create guidelines for handling and storing pumped milk. In the 

US, the Academy for Breastfeeding Medicine (ABM) and the Centers for Disease Control and 

Prevention (CDC) create these guidelines (75, 76). According to these guidelines, women should 
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wash their hands before they pump, thoroughly disassemble milk collection kits before washing, 

and clean collection kit parts and other storage containers with hot, soapy water. In addition, 

women should thoroughly rinse and dry pump and storage equipment before future use. 

Alternatively, the guidelines suggest washing pump parts in the dishwasher. Women should 

follow manufacturers’ instructions for cleaning the rest of the pump equipment (e.g., the pump 

itself and the tubing). According to ABM guidelines, milk collected in this manner can be stored 

for up to 8 hours at room temperature, 8 days in the refrigerator, and 12 months in the freezer; 

even so, feeding the freshest milk possible is recommended, because some anti-infective 

components and nutrients degrade during storage (59, 64, 75, 77-82). 

One of the main goals of the ABM and CDC guidelines is to ensure the microbiological 

safety of pumped milk. Previous reports have linked infant infection with pumped milk 

containing the same pathogenic bacteria (83-88). Though these events are rare, they can pose a 

serious risk to infant health, particularly among hospitalized infants (84). Thus, it is essential that 

guidelines for handling and storing milk are based on a body of evidence that characterizes the 

effects of commonly used practices on the microbiological composition of pumped milk. 

Although current guidelines are research-based (57, 83-85, 88-93), they are limited in 

two key ways. First, much of this research occurred before advancements in breast-pump 

technology and the widespread use of modern breast pumps for extended periods. Thus, current 

guidelines are out-of-date. Second, most studies cited in the guidelines were conducted in the 

context of providing milk to hospitalized infants. Participants in these studies often followed 

specific hygiene protocols, used sterilized equipment, and milk was subsequently stored at a 

single temperature. However, recent in-depth reports revealed some women who pump for their 

healthy term infants do not often use such practices (7, 94). Consequently, current guidelines do 



 

17 

not include data about many commonly used pumping practices. Thus, the guidelines are not 

adequately evidence-based for milk pumped and stored using common everyday practices—in 

other words, typical real-life conditions. 

The ABM acknowledges additional evidence is needed, as it is stated in its guidelines: 

“The evidence for some aspects of human milk storage is lacking” and “…high-quality studies 

evaluating human milk storage in a variety of circumstances…are needed” (75). To fill these 

gaps in knowledge, carefully controlled studies that evaluate the bacterial composition of milk 

collected using women’s typical real-life practices compared to “gold standard” practices are 

warranted. However, to understand how women’s typical real-life practices influence the 

bacterial composition of their milk, it is important to begin by identifying what women’s typical 

real-life practices are. This has been the focus of our laboratory’s research for the past decade. 

Women’s Typical real-life Pumping and Storage Practices 

In previous research, we and others have found women use a wide range of pumping, 

handling, and milk storage practices (6, 7, 19, 94). The practices commonly used by women to 

pump, handle, and store their milk can be categorized as practices that occur: (a) during 

pumping, (b) before storage, (c) during storage, and (d) after storage. We hypothesize some of 

these practices may change the bacterial composition of their milk. For example, most women 

who express their milk do so with electric pumps (13). Through this process, milk travels from 

the breast down a plastic flange, through a valve and into a pump bottle, along the way losing 

anti-infective components (79, 95) and likely collecting bacteria (55, 89, 96, 97). The amount of 

bacteria transferred to milk likely depends on how well the collection kit was cleaned (98). 

Discussed below are some of the practices women use that may influence the bacterial 

composition of their milk during the life cycle of pumped milk, from expression to feeding.  
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During pumping, women do several things that may influence the bacterial composition 

of their milk. First, some women pump in less-than-ideal locations, such as in public restrooms 

or in classrooms (6, 19). Second, some women use second-hand pumps intended for single users 

(6). Although the design of newer pumps minimizes bacterial contamination from the pump 

mechanism, a known problem with older pumps (99), almost all commercially available breast 

pumps are approved by the FDA only for a single user because of the potential for cross-

contamination (100). Third, women do not always follow recommended cleaning practices; for 

example, some only wipe or rinse collection kits or rinse nipples after use (6, 94). At work, 

women who wash their kits often do so in common kitchens or bathroom sinks (101).  

Before storage, women also engage in practices that may influence the bacterial 

composition of their milk. In previous qualitative research by our group, Felice et al. (7) found 

that milk usually touched between 2 and 6 containers before storage. In the same study, we 

discovered that women often mixed milk from multiple pumping sessions before storage (101). 

Both of these practices create risk for bacteria to be added to milk, or microbial loading. 

During storage, women exhibit additional practices that may alter the bacterial 

composition of their milk. First, women may not properly seal their milk storage containers (e.g., 

bottles), for example, by refrigerating the milk collection kit intact after pumping, which leaves 

the milk exposed to the ambient environment (19). Second, many women store their milk under a 

combination of storage temperatures—for example, they may refrigerate their milk before 

freezing it (7). In total, milk may undergo 5 changes in temperature before fed to an infant (7). 

Little is known about the effects of multiple temperature changes on the bacterial composition of 

pumped milk. However, there is evidence it may have a biologically meaningful effect. For 

example, refrigeration significantly reduces the antioxidant potential of milk (102), including 
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significant losses in antioxidant vitamins such as vitamin C (103). Freezing significantly 

decreases milk’s pH (104) and bacteriostatic and bactericidal activities (105). Therefore, 

additional study of the effects of combinations of durations and storage temperatures on the 

bacterial composition of milk pumped and stored under real-life conditions is warranted. 

After storage, women may also engage in practices that alter milk’s bacterial 

composition. About 1 in 10 women microwave their milk before feeding it (94). This is 

problematic because it can kill native milk bacteria and neutralizes anti-infective components in 

human milk (106, 107), making the milk less able to inhibit bacterial growth (106). Moreover, 

women may save leftover milk—milk that was left in the bottle after the infant finished drinking 

it—for later use (7). This could also be problematic because leftover milk has more bacteria than 

fresh milk and, similar to microwaved milk, has less ability to inhibit bacterial growth (48, 108-

110). That is, when infants drink from a bottle, bacteria from their mouths are transferred to the 

milk inside the bottle. There is only limited research on the bacterial composition of leftover 

milk and its implications for infant health. Even so, current ABM guidelines suggest discarding 

leftover milk after 2 hours (75).  

In summary, women use a variety of practices during pumping and before, during, and 

after storage that may alter the bacterial composition of pumped milk. Consequently, carefully 

designed studies that include a combination of behavioral and biological data are needed to 

understand the effects and associations of individual practices on the biological composition of 

milk during pumping, handling, and storage. 
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Investigating the Bacterial Composition of Milk Pumped and Stored Under Typical real-

life Conditions: Key Gaps in Knowledge 

Of the many unknown or understudied aspects of modern pumping, handling, and storage 

practices on the bacterial composition of milk, three key gaps in knowledge warrant 

investigation: (a) the sources of and factors associated with variation in the bacterial composition 

of pumped milk, (b) the effects of combinations of storage conditions on bacterial viability, and 

(c) the effects of modern pumping and storage practices on the milk microbiome. I discuss these 

gaps in turn. 

Sources of and factors associated with variation in the bacterial composition of 

pumped milk. It is well documented that bacteria can be transferred to milk during pumping and 

handling. Potential sources of exogenous bacteria include the breast pump (74, 84, 85, 88, 89, 

111), milk collection kits (74, 83, 84), and women’s hands (112) and breasts (55). However, a 

key knowledge gap is how many and which types of bacteria are transferred from each of these 

potential sources. In one of the most comprehensive studies conducted, Karimi and colleagues 

(74) tested aerobic bacterial growth from women’s milk, hands, breasts, milk collection kits, and 

breast pumps. They found milk collection kits and breast pumps most commonly grew >104 

CFU/mL total aerobic bacteria. Even so, this study did not collect milk using these kits, thus it 

remains unclear how many of these bacteria are transferred to milk. To fill this gap, it would be 

necessary to swab these areas then pump milk using the same equipment first and then 

characterize the bacterial composition of the milk. 

Effects of combinations of storage conditions on bacterial viability. Available 

evidence suggests pumped milk is commonly stored at multiple temperatures before it is fed (7). 

In particular, it is common for women to store their milk in the refrigerator (94), and then freeze 
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it if they have not used it after a few days (7). Although it is well established that bacteria die 

during refrigeration (53, 81), only limited evidence has tested the effects of refrigeration before 

freezing on bacterial viability (113). Ahrabi et al. (113) found that bacterial viability is 

significantly decreased with refrigeration after pumping but before freezing compared to freezing 

immediately after pumping. The authors noted that gram-positive bacteria were affected by 

refrigeration followed by freezing than gram-negative bacteria (113). Thus, this study highlights 

the possibility that the effects of cold storage are conditional on the bacterial composition of the 

milk before storage; this possibility remains uninvestigated. 

Studying bacterial viability of pumped milk is important because it is thought that 

bacteria consumed from milk or during nursing may be transferred to the infant’s gastrointestinal 

tract (28, 29, 114, 115), where they could provide colonization resistance against potential 

pathogens (116, 117). The implications of decreased bacterial viability in pumped milk for infant 

health are unknown. 

Effects of modern pumping and storage practices on the milk microbiome. It is well 

established that human milk harbors a complex community of bacteria (114, 118-122). Yet little 

is known about how modern pumping and storage practices affect the milk microbiome. This is 

because nearly all investigations related to the effects of pumping, handling, and storage on the 

bacterial composition of pumped milk have identified bacteria only using culture-based 

techniques. These techniques only provide information about a subset of the bacteria in a milk 

sample, namely those able to grow in the specific conditions used. Optimal conditions for growth 

vary by types of bacteria. For example, some bacteria are obligate anaerobes while others are 

aerobic, each require different levels of oxygen, other gases and nutrients to grow (123). Culture 
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conditions have not been optimized for most of the world’s bacteria most (123). Thus, it is 

currently impossible to culture all types of bacteria in a milk sample simultaneously. 

An increasingly popular technique for analyzing the entire community of bacteria in a 

sample is high-throughput sequencing of the bacterial 16S rRNA gene (124). This gene is 

present in bacteria but not in humans. Thus, this technique allows researchers to extract DNA 

from the sample, amplify the bacterial DNA (16S) through PCR. Then, 16S amplicons are 

sequenced using next-generation sequencing platforms which allow for several million 

sequences to be processed simultaneously (125). This technique has been used extensively to 

study the bacterial communities in human milk collected aseptically (114, 118, 119, 126-128). 

However, little is known about the bacterial communities in milk collected with women’s own 

pumps and own milk collection kits. Given that microbial exposures in early life are associated 

with later health outcomes (129-131), this subject warrants investigation. 

In summary, key gaps in knowledge about how modern pumping, storage, and handling 

practices affect the bacterial composition of milk are: (a) the sources of and factors associated 

with variation in the bacterial composition of pumped milk, (b) the effects of combinations of 

storage conditions on bacterial viability, and (c) the effects of modern pumping and storage 

practices on the milk microbiome. Well-designed studies are needed to create a framework for 

future interventions aimed to minimize bacterial contamination in milk pumped under typical 

real-life conditions as well to document the causal effects of modern pumping, handling, and 

storage practices on the bacterial composition of human milk. 
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Measuring the Effects of Modern Pumping and Storage Practices on the Bacterial 

Composition of Milk Collected Under Typical real-life Conditions: The Milk in Life 

Conditions Trial 

The aims of this dissertation were threefold. First, we sought to determine whether, on 

average, women’s typical real-life pumping practices changed the bacterial composition of their 

milk compared to aseptic collection at the time of expression. Second, we wanted to 

systematically track the types and quantities of exogenous bacteria transferred from each source 

into milk during pumping. Third, we aimed to determine how cold storage affects the bacterial 

composition of pumped milk collected with women’s typical real-life pumping practices 

compared to aseptic collection.  

To meet these goals, we conducted the Milk in Life Conditions (MiLC) trial and its 

observational substudy. MiLC was an in-home, randomized, controlled, crossover trial of two 

breast pump setups. Each participant pumped twice in 3 hours, once with her own breast pump 

and milk collection kits, cleaned using her usual practices (“own” supplies), and once with a 

multiuser (Medela Symphony®) breast pump and new, sterile collection kits. We used 

randomization to determine which pump setup women used first. Randomization was stratified 

by infant diet (human milk only v. human milk and solids). We divided milk collected from each 

pump setup into 5 sterile containers, which women stored at home for up to 30 days. 

Subsequently, we assessed the bacterial composition of milk via high-throughput sequencing of 

the 16S rRNA gene from DNA extracted from milk and by aerobic culturing of total aerobic 

bacteria, gram-negative bacteria, Staphylococcus sp., and Streptococcus sp. 

The observational substudy of MiLC permitted us to obtain information about the 

potential sources of and factors associated with variation in the bacterial composition of milk at 
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the time of expression. Before women pumped with their own supplies, we swabbed several 

locations across the pump equipment and body sites, namely, women’s breasts and hands, 

infants’ mouths, and the inner surfaces of the milk collection kit and pump tubing. Mothers’ 

behaviors and pumping practices were recorded, which allowed us to link women’s typical real-

life practices to the microbiota on body sites and pump equipment and, ultimately, to the 

bacterial content of women’s home-expressed milk. 

The following chapters reflect the sequential order of our goals. In Chapter 2, we report 

the effect of pump setup on bacterial composition of milk immediately after expression. In 

Chapter 3, we identify the likely sources of and factors associated with variation in the bacterial 

composition of milk collected with women’s own supplies. In Chapter 4, we report the effects of 

pump setup on bacterial content of pumped milk after storage at home. Finally, in Chapter 5, I 

summarize the results from these chapters and their implications for various stakeholders; 

discuss strengths and limitations; and offer suggestions for future research. 



 

25 

CHAPTER 2 

REAL-LIFE PUMPING PRACTICES ALTER THE BACTERIAL COMPOSITION OF 

HUMAN MILK: A RANDOMIZED CLINICAL TRIAL 

 

Sarah M. Reyes, Dainelle L. Allen, Janet E. Williams, Mark A. McGuire, Michelle K. McGuire, 

Anthony G. Hay, Kathleen M. Rasmussen 
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Abstract 

Background: Women use a variety of practices for pumping and handling their milk. How these 

practices affect the bacterial composition of pumped milk is largely unknown. 

 

Objective: To fill the gap in knowledge about how modern pumping practices influence the 

bacterial composition of milk compared to sterile collection. 

 

Methods: We conducted Milk in Life Conditions (MiLC), an in-home randomized, controlled, 

crossover trial of two breast pump setups. Participants fully expressed the same breast twice, 

once with their own pumps and collection kits (own supplies) and once with a multiuser pump 

and sterile collection kits (sterile supplies), retaining 30 mL of milk each time. The order of the 

pump setup used was randomized. Randomization was stratified by infant diet (human milk only 

versus human milk and solids). Bacterial composition was assessed by aerobic culturing and 

high-throughput sequencing of the 16S rRNA gene amplified from DNA extracted from the 

milk. MiLC was conducted June-October 2017. 

 

Results: We obtained 104 milk samples from 52 women. Compared to milk collected with 

sterile supplies, milk collected with women’s own supplies grew 5 times more total aerobic 

bacteria (p = 0.0003), 78 times more gram-negative bacteria (p < 0.0001), and 3.3 times more 

Streptococcus sp. (p = 0.009). 16S analyses revealed that, compared to milk collected with sterile 

supplies, milk collected with women’s own supplies was less phylogenetically diverse (Faith’s 

phylogenetic diversity, p = 0.0008) and contained >7 times higher abundance of Proteobacteria 
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(q < 0.0001), notably exhibiting higher relative abundances of Enterobacter, Stenotrophomonas, 

Acinetobacter, Brevundimonas, Rhizobium, Pseudomonas, and unidentified Enterobacteriaceae.  

 

Conclusions: Pumping milk at home with women’s own pumps and own collection kits alters 

the bacterial composition of milk compared to pumping with a multiuser pump and new, sterile 

collection kits, notably by increasing the numbers of live total aerobic and gram-negative 

bacteria and abundance of Proteobacteria. 
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Introduction 

Human milk is recommended as the sole source of nutrition for infants for about the first 

6 mo of life and is important in their diets for at least the first year (31). To meet this 

recommendation, about 85% of breastfeeding women rely on expressing their milk so it can be 

later fed to their infants, usually by someone else (13). Some women express daily, such as those 

who experience prolonged difficulties feeding at the breast or those who work outside the home; 

others express infrequently, such as those who occasionally leave their infants to be cared for by 

someone else for short periods (6, 13, 132, 133). Knowledge about appropriate pumping, 

handling, and milk storage practices is essential to preserving the unique qualities of human milk 

and ensuring it is safe to drink (72-74). 

Most women who express their milk use an electric pump (13). During this process, milk 

passes from the breast down a plastic flange, through a valve, and is collected in a pump bottle. 

Thus, when milk is expressed it is exposed to multiple surfaces. From our previous work and that 

of others, we learned the practices women use to clean these surfaces vary widely (6, 7, 19, 94). 

For example, sometimes women only wipe off milk collection kits after pumping; other times 

they sterilize their kits (6, 7, 94). Thus, it is possible these surfaces, if not cleaned thoroughly, 

may harbor bacteria that could be transferred to milk during subsequent pumping sessions. Yet 

little is known about the bacterial composition of human milk pumped under typical real-life 

conditions.  

Most studies investigating the bacterial composition of milk have focused on two areas: 

milk’s microbiome or bacterial contamination of milk intended for hospitalized infants. Most 

microbiome studies have focused on documenting the native bacteria in milk as a means to 

characterize the site-specific microbiome in human milk, and to better understand the bacterial 
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exposures infants receive while feeding at the breast (118-121). Conversely, most contamination 

studies have focused on identifying specific types of bacteria that pose a health risk to premature 

or sick infants (53, 89, 91, 93, 134). In both areas of investigation, milk is generally collected 

using specific methods and hygiene protocols. Consequently, the findings of these studies are not 

generalizable to all real-life conditions. Thus, knowledge about how the bacterial composition of 

milk is influenced by commonly used practices for pumping is essential to creating evidence-

based guidelines. For this reason, we aimed to test the effect of pumping with women’s own 

equipment on the bacterial composition of milk pumped compared pumping with sterile methods 

used in previous research. To achieve this aim, we conducted a randomized, controlled crossover 

trial conducted in participants’ homes. 

Methods 

Study design. Milk in Life Conditions (MiLC) was an in-home randomized, controlled, 

crossover trial of 2 sets of breast pump supplies. Randomization was balanced and stratified 

based on infant diet (HM only versus HM and solids). The trial was conducted in participants’ 

homes in Ithaca, NY and the surrounding area between June and October 2017. Here, we report 

our primary outcome, namely the bacterial composition of human milk collected immediately 

after expression. Participants provided written informed consent according to the study protocol 

approved by the Cornell University Institutional Review Board. This trial is registered with 

ClinicalTrials.gov under study ID NCT03123874. 

Study population. Lactating women who lived within a 45-minute driving radius of the 

Cornell campus in Ithaca and met selection criteria were eligible for the study. Women were 

eligible to participate if they were at least 18 y old, reported themselves and their babies as 

healthy, used an electric pump, and were confident of their ability to donate 30 mL from one 
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breast twice within 3.5 h. We excluded women who reported any signs or symptoms of current 

breast infection (e.g., breast pain, discomfort, lumps, mastitis with fever, red streaks or hard red 

portions on their breast) or acute illness in themselves or their infants in the past 7 days (e.g., 

rectal or temporal temperature 37.5 oC, dark green nasal discharge, diarrhea defined as abrupt 

onset of 3 or more excessively loose stools in one day, infant vomiting not associated with 

feeding, or severe cough). Finally, we excluded women whose infants consumed formula in the 

past 2 wk. Eligibility was assessed with an online Qualtrics survey when women initially 

inquired about participating in the study. 

Study intervention. Lactating women pumped the same breast twice in 3.5 h, once using 

their own breast pumps and own milk collection kits (“own supplies”) and once with a multi-user 

breast pump (Medela Symphony®) and new, sterile collection kits. The pump supplies (own or 

sterile) used first was randomized. Milk collected with sterile supplies was the control. 

Randomization. Following eligibility screening, the study director assigned participants 

using a randomization schedule produced with the sample function in R (v. 3.4.4) (135). The 

randomization schedule was according to infant diet: human milk only versus human milk and 

solids. Only women who participated in the study received assignment; allocation occurred 

immediately before participation. 

Study Outcomes. The primary trial outcome was the bacterial composition of milk 

collected immediately after expression. Bacterial composition was defined as bacterial counts 

(total live aerobic bacteria, gram-negative bacteria, Staphylococcus sp., and Streptococcus sp.), 

bacterial richness (the total number of different bacterial taxa detected in the sample, in our case 

observed amplicon sequence variants [ASV]), and bacterial alpha (α) diversity (Shannon 

Diversity Index, Pielou’s Evenness Index, Faith’s phylogenetic diversity index). For a more 
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complete characterization of the bacterial composition of milk, we also assessed the bacterial 

composition of milk through relative abundances of 16S rRNA sequences and beta (β) diversity 

metrics: Jaccard similarity index, Bray-Curtis dissimilarity, UniFrac, and weighted UniFrac. 

Milk Collection 

All pumping sessions occurred in participants’ homes between 0700 and 1100 h. Women 

selected one breast which was fully expressed during both pumping sessions. To ensure the 

breast was fully expressed, women pumped until the flow of milk had stopped. Women were 

instructed not to nurse from the study breast from 2 h before the first pumping session until after 

the second session. Women were able to nurse on the opposite breast during the study period. 

The study director (SMR) was present during all pumping sessions. 

We aimed to capture the bacterial exposures infants receive when feeding at the breast 

versus drinking pumped milk collected under typical real-life conditions. Thus, for both pumping 

sessions, we collected milk from women’s uncleaned breasts. Additionally, women did not 

receive instructions about practices for handwashing or cleaning their own pump equipment. 

Rather, women were encouraged to follow their usual practices. With sterile supplies, women 

used the same practices (e.g., pump in the same location) as when pumping with their own 

supplies. The only exception was that the study director wore nitrile gloves and used sterile 

technique to assemble sterile collection kits and connect them to the multiuser pump. Then, the 

collection kit was passed to the participant who was instructed not to touch the inner surface of 

the flange with her hands. 

From each full expression, approximately 30 mL of milk were reserved for analyses; the 

mother kept any additional pumped milk. All samples underwent processing within 2 h of 

expression. We achieved this by transporting the first milk sample on ice to the laboratory 
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immediately after expression, returning to the participant’s home before the second pumping 

session, and then transporting the second milk sample immediately after expression. 

Bacterial Analyses 

The bacterial composition of milk was analyzed using aerobic culturing and high-

throughput sequencing of 16S rRNA gene. Upon arrival to the lab, 0.5 mL milk was used 

immediately for aerobic culturing, with the remainder stored at -20 oC. After all milk samples 

were collected from all participants, frozen aliquots were shipped on dry ice to the University of 

Idaho, where they were processed for 16S sequencing. Frozen samples arrived about 24 h after 

shipping and processed within a few weeks after arriving. Consequently, milk samples were 

processed for 16S analyses after between 2 wk and 3 mo after expression. 

Aerobic culturing. Milk samples were cultured for total aerobic bacteria, gram-negative 

bacteria, Staphylococcus sp., and Streptococcus sp. using plate count agar (BD), MacConkey 

agar (BD), Staph110 medium (BD), and modified Edwards medium (HiMedia) with 5% (v/v) 

defibrinated bovine blood (Lampire Biological Labs), respectively. Using 0.1% sterile peptone 

water (Hardy Diagnostics), we performed serial 10-fold dilutions, inoculating each in triplicates 

of 10-L drops using the drop plate method (136). For each media type, 100 L undiluted milk 

was spread-plated on a single 100-mm plate. Plates were aerobically incubating for 48 h at 37 

°C. We calculated colony-forming unit (CFU)/mL from plates with ≥ 1 colony. The sample was 

considered culture-negative if 0 colonies grew on both drop and spread plates.  

16S rRNA sequencing. Genomic DNA was extracted from 1.25 mL of milk using 

QIAamp DNA Mini Kits (Qiagen) following the manufacturer’s instructions, with minor 

modifications as described previously (119). Milk samples underwent thawing for 5 min at 37 

°C, and were subsequently centrifuged at 13,000 x g for 10 min at 4 °C. The fat layer was 
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carefully removed using a sterile swab; the supernatant was discarded. The remaining pellet was 

resuspended in 500 L TE50 buffer, followed by enzymatic lysis for 1 h at 37 °C (119). Total 

DNA was then extracted from the resuspended pellet. 

PCR amplification and sequencing of the V1-V3 hypervariable region of the bacterial 

16S rRNA gene was performed with a dual-barcoded, 2-step, 30-cycle PCR protocol and 

subsequent quality control as described previously (119). For the first step, we used a 7-fold 

degenerate forward primer targeting position 27 and a reverse primer targeting position 534 

(positions numbered according to the Escherichia coli rRNA) (120). Nuclease-free, sterile water 

(2 µL) and Escherichia coli DNA (2 µL; 221 ng/mL) served as controls. After conducting 15 

cycles of PCR, we removed the plate and added 2 µL of unique barcoded primers with attached 

Illumina adaptors to each sample. After briefly vortexing the plate, we returned it to the 

thermocycler for another 15 cycles.  

Amplicon quality was assessed using the QIAxcel DNA Screening cartridge (Qiagen, 

Germantown, MD), with quantity assessed using a Qubit® 2.0 Fluorometer and the DS High 

Sensitivity Assay (Thermo Fisher Scientific, Waltham, MA) as previously described (119). 

Amplicons (50 ng) from each sample were pooled and sent to the Institute for Bioinformatics 

and Evolutionary Studies Genomics Resources Core at the University of Idaho for additional 

processing and sequencing using previously described methods (119). Also sequenced was a 

mock community consisting of DNA extracted from 10 known species and their theoretical 

relative abundances (Zymo Research., Irvine, CA). Amplicons were sequenced using an Illumina 

MiSeq v3 (San Diego, CA) paired-end 300-bp protocol for 600 cycles. 
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Processing of Bacterial Sequences 

Sequences were demultiplexed using dbcAmplicons (137), splitting them into separate 

files for forward and reverse sequences using splitReadsBySample.py (138) as previously 

described (119). Overlapping paired-end sequences underwent sorting, filtering, trimming, and 

merging using the DADA2 (139) plug-in in Quantitative Insights Into Microbial Ecology 2 

(QIIME2; v. 2018.2) (140). The resulting amplicon sequence variants (ASVs) were 

taxonomically classified using the SILVA 16S rRNA reference database (v. 128). The decontam 

package (141) allowed for identification of universal contaminants, with the corresponding 

ASVs subsequently removed. Additional filtering removed nonbacterial (mitochondria and 

chloroplasts) and ambiguous sequences (“unassigned” taxonomy at the domain level). Finally, 

because features present in only one sample are not statistically informative, removing them 

increased our power to declare differences statistically significant (142). 

Calculation of Diversity Indices 

Alpha (α) diversity indices (observed ASVs, Pielou’s evenness, Shannon’s index, and 

Faith’s phylogenetic diversity index) and β diversity metrics (Jaccard similarity index, Bray-

Curtis dissimilarity, UniFrac, and weighted UniFrac) were estimated using QIIME2 v.2018.2 

(140). Observed ASVs measures species richness, the number of unique species in a 

population—in our case, the number of unique bacteria (143). Pielou’s evenness index measures 

species evenness: their relative abundance (143, 144). Shannon’s index is a diversity metric that 

takes into account both richness and evenness, although it is more sensitive to richness (145). 

Faith’s phylogenetic diversity index measures the relatedness of bacteria by summing the branch 

lengths that separate individual species in the population (146). Jaccard similarity index (147, 

148), Bray-Curtis dissimilarity (149, 150), UniFrac (151), and weighted UniFrac (151) distances 
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enabled β diversity assessment to measure the fraction of unique ASVs and overabundance 

therein, with phylogenetic relatedness without and with weighted for relative abundance, 

respectively. 

Diversity estimates were calculated using rarified data because they are correlated with 

sequencing depth (number of sequences per sample) (152). However, sequencing depth often 

differs for technical rather than biological reasons (153). Rarefaction plots served to determine 

the appropriate sampling depth (Supplementary Figure 1). We rarified at 1,041 

sequences/sample because that was the lowest number of sequences observed in any one sample. 

Sample Size Calculations 

The objective of our sample size calculations was to account for the high inter-individual 

variations observed in the milk microbiota. At the time we designed this study, insufficient 

information was available to make this calculation. Therefore, we based our minimum sample 

size on other studies we knew were underway (e.g. a multisite study in which 40 participants per 

location were enrolled (119). In addition, we wanted to ensure adequate sample size in each of 

our infant diet groups, namely human milk only versus human milk and solids. For this reason, 

we aimed to achieve at least 25 women in each infant diet group for a total of at least 50 women. 

Statistical Analyses  

We conducted an intention-to-treat analysis (154). Planned statistical analyses were based 

on our primary hypothesis that the bacterial composition of milk pumped with women’s own 

supplies differs significantly from the bacterial composition of milk pumped with sterile supplies 

immediately after expression. Results were considered statistically significant at p ≤ 0.05. 
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To test the effect of pump setup on continuous outcomes, aerobic bacterial counts and 

alpha diversity metrics in milk, we conducted linear mixed effects models using the lme4 

package 1.1-21 (155) for R. Separate models were created for each type of bacteria cultured and 

each diversity metric. For bacterial count models, we applied a log(x+1) transformation (156) to 

account for data skew and zeros in the data (e.g., for samples that were culture-negative ([0 

CFU/mL]). Bacterial counts (CFU/mL) after transformation served as the response variable. 

Participant ID was the random effect. Models were also adjusted for infant diet and randomized 

assignment (whether pumping with own supplies occurred first or second) to account for study 

design variables. All models were adjusted for randomized assignment and infant diet. Fixed 

effects were estimated using the Sattherwaite’s method. Response ratios were estimated using 

the emmeans package 1.3.3 for R. For α diversity models, served as response variables. Some 

response variables were log-transformed to account for data skew, namely Faith’s phylogenetic 

diversity index, Pielou’s evenness, and observed ASVs. All models had the same random effect 

and were adjusted as described above. 

To test the effect of pump setup on dichotomous response variables, namely growth of 

live gram-negative bacteria (yes v. no) and growth of >104 CFU/mL of total aerobic bacteria (yes 

v. no), we conducted logistic mixed effects models using the lme4 package 1.1-21 for R. The 

latter value is the threshold used by the Human Milk Bank Association of North America for 

feeding without pasteurization (157), which the Academy of Breastfeeding Medicine (ABM) has 

suggested should also be the threshold for milk pumped and stored at home for full-term infants 

(75). Presence of live gram-negative bacteria is typically an indicator of inadequate hygiene at 

the time of expression (57). All logistic mixed effects models had the same random effect, 

adjusted as described for linear mixed effects models. 
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For taxonomic analyses, taxonomy was manually curated to last known lineage and 

collapsed at phylum or genus levels for corresponding analyses. To test whether the relative 

abundances of phyla differed significantly between pump-setup groups, we used Student’s t-

tests. To account for multiple comparisons, P values were adjusted using the FDR method (158). 

To identify differentially abundant taxa at the genus level, we used DESeq2 1.22.2 (159), which 

tests for differential abundance based on a model using the negative binomial distribution.  

To test whether β diversity differed significantly between pump setup groups, we 

conducted permutational analysis of variance (PERMANOVA) using the adonis function in the 

vegan package 2.5-4 (160) for R. Distance matrices served as response variables. We visualized 

β diversity with Principal Coordinates Analysis (PCoA) using weighted UniFrac distances (151). 

To test whether spatial separation among groups in the PCoA was statistically significant, we 

performed a permutational multivariate analysis of variance (PERMANOVA) using the vegan 

package 2.5-4 for R (160). Given that PERMANOVA is a fixed effects model, we adjusted for as 

many covariates as were possible, namely infant diet and randomization assignment. The car 

package 3.0-2 for R was used to generate the ellipses and centroids, with the ellipses predicting 

the space in which 95% of new observations would occur. Dispersion was estimated using the 

dist_to_centroid function in the usedist package 0.1.0 for R. We used linear mixed effects 

models to test whether distances to centroids differed by pump setup or storage condition. The 

model had the same random effect and was adjusted as described above. 

Results 

Description of participant characteristics. We studied 52 healthy women in Ithaca, 

NY, and the surrounding areas between June and October 2017. In total, 72 women were 

assessed for eligibility; 20 of whom were excluded because they did not meet inclusion criteria; 
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declined or were unable to participate; or did not respond to request to schedule participation 

(Figure 1). Twenty-seven participants fed their babies only human milk; 25 fed human milk and 

solids. Participant characteristics according to randomized assignment are presented in (Table 

1). Most characteristics were distributed evenly, though cesarean delivery was more common 

among women in the HM only group (37%) than women in the HM and solids group (12%). 

Additionally, as anticipated, infants fed HM only were younger than those fed HM and solids 

(3.3 mo versus 9.9 mo, HM only group compared to HM and solids group, respectively). These 

differences were not considered problematic because the former was not a theoretical potential 

confounding factor and the latter was accounted for in our stratified randomization. For these 

reasons, and because each woman served as her own control, groups were collapsed, and main 

effects of pump supplies (own versus sterile supplies) are reported. 

Given the possibility that multiuser pumps could facilitate a more complete expression of 

the breast than women’s own breast pumps women used in this study, we recorded the volumes 

of milk pumped with each pump setup. We found no evidence that the volume of milk pumped 

with sterile supplies was higher than that pumped with own supplies (see Table 1). 

Description of analytical sample and sequence data. Each of the 52 women served as 

her own control, so we obtained 104 paired milk samples. One woman did not pump in the order 

of her allocated randomized assignment but did provide a milk sample from each pump setup. 

We included her because we conducted an intention-to-treat analysis. 

We obtained 2,480,645 sequences comprising 3,723 ASVs for the 104 milk samples. 

After filtering to remove nonbacterial sequences, sequences not identified at the Domain-level, 

and ASVs only present in 1 sample, our final analytical sample was 997 ASVs and 2,229,832 

sequences with a range of 1,041–60,479 sequences/sample (median = 20,525; IQR = 15,539; 
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Figure 1. Participant flow diagram. HM = human milk. 
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Table 1. Participant characteristics according to randomized assignment for the 52 women of MiLC1 

 Stratum 1: HM only  Stratum 2: HM and solids 

Characteristics All (n = 27) 

Sterile supplies 
used first 
(n = 13) 

Own supplies 
used first 
(n = 14) 

 

All (n = 25) 

Sterile supplies 
used first 
(n = 13) 

Own supplies used 
first 

(n = 12) 
Characteristics of the mothers       

Age, y 32 ± 4.2 32 ± 4.0 32 ± 4.5  35 ± 3.6 35 ± 4.1 34 ± 3.3 
Postpartum BMI, kg 27 ± 5.12 26 ± 2.82 28 ± 6.5  25 ± 5.3 24 ± 5.0 26 ± 5.7 
GWG, kg 15 ± 5.1 15 ± 4.7 14 ± 5.6  14 ± 4.7 12 ± 3.6 16 ± 5.3 
Delivery mode, % cesarean 10/27 (37) 7/13 (54) 3/14 (21)  3/25 (12) 0/13 (0) 3/12 (25) 
Antibiotic use in past 30 d, % yes 1/27 (3) 0/13 (0) 1/14 (7)  0/25 (0) 0/13 (0) 0/12 (0) 
WIC eligible, % yes 3/25 (12) 2 2/12 (17)2 1/13 (7) 2  7/25 (28) 4/13 (31) 3/12 (25) 
Race, % white 21/27 (78) 8/13 (62) 13/14 (93)  21/25 (84) 11/13 (85) 10/12 (83) 

Characteristics of the milk       
Milk volume pumped        

First pumping session 3.6 ± 1.33 3.3 ± 2.23 3.8 ± 1.3  2.6 ± 1.94 2.6 ± 1.43 2.4 ± 1.32 
Second pumping session 2.3 ± 1.12 2.2 ± 1.42 2.4 ± 0.8  1.9 ± 1.04 1.8 ± 0.92 2.0 ± 1.23

Characteristics of the infants       
Age, mo 3.3 ± 1.55 3.6 ± 1.36 3.0 ± 1.7  9.9 ± 3.37 11 ± 3.8 8.7 ± 2.38

Sex of infant, % female 15/28 (54)5 8/14 (57)6 7/14 (50)  12/26 (46)7 8/13 (62) 4/13 (318

Antibiotic use in past 30 d, % yes 0/28 (0)5 0/14 (0) 6 0/14 (0)  1/26 (4) 7 0/13 (0) 1/13 (8)8 
Daycare, % yes 5/28 (18)5 3/14 (21)6 2/14 (14)  7/26 (27) 7 5/13 (38) 2/13 (15)8 
        

Characteristics of women’s own supplies and real-life pumping practices     
Pump system type9, % open 18/27 (67) 8/13 (62) 10/14 (71)  13/24 (54)2 6/12 (50)2 7/12 (58) 
Pump age        
Obtained new with current child, % yes 15/26 (58)2 7/12 (58)2 8/14 (57)  13/24 (54)2 6/13 (46) 7/11 (64)2 
Obtained new with previous child, % yes 9/26 (35)2 4/12 (33) 2 5/14 (36)  6/24 (25)2 3/13 (23) 3/11 (27)2 
Obtained secondhand, % yes 2/26 (8)2 1/12 (8) 2 1/14 (7)  4/24 (17)2 3/13 (25) 1/11 (9)2 
Handwashing10, % yes 4/27 (15) 2/13 (15) 2/14 (14)  4/22 (18)4 3/11 (27)3 1/11 (9)2 

Table continues
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Table 1. continued 

  Stratum 1: HM only   Stratum 2: HM and solids 

Characteristics All (n = 27) 

Sterile supplies 
used first 
(n = 13) 

Own supplies 
used first 
(n = 14) 

 

All (n = 25) 

Sterile supplies 
used first 
(n = 13) 

Own supplies used 
first 

(n = 12) 

Frequency of pump use       
< 2 d/wk 4/26 (15)2 2/13 (15) 2/13 (15)2  8/24 (33)2 4/12 (33)2 4/12 (33) 
2-3 d/wk 4/26 (15)2 1/13 (8) 3/13 (23)2  3/24 (13)2 1/12 (8)2 2/12 (17) 
4-5 d/wk 5/26 (19)2 3/13 (23) 2/13 (15)2  7/24 (29)2 5/12 (42)2 2/12 (17) 
Daily 13/26 (50)2 7/13 (54) 6/13 (46)2  6/24 (25)2 2/12 (17) 2 4/12 (33) 

Last practice used to clean own milk collection kit11       
Rinse12, % yes 3/27 (11) 2/13 (15) 1/14 (7)  4/25 (16) 3/13 (23) 1/12 (8) 
Hand-washed with detergent, % yes 15/27 (56) 7/13 (54) 8/14 (57)  17/25 (68) 7/13 (54) 10/12 (83) 
Home-sterilized13, % yes 9/27 (33) 4/13 (31) 5/14 (36)  4/25 (16) 3/13 (23) 1/12 (8) 
Tube cleaning14, % ever cleaned 3/27 (11) 2/13 (15) 1/14 (7)  2/25 (8) 0/13 (0) 2/12 (17) 

        
Household characteristics        

Other children living in the home, % yes 17/27 (63) 9/13 (69) 8/14 (57)  17/25 (68) 9/13 (69) 8/12 (67) 
Pets, % yes 21/27 (78) 9/13 (69) 12/14 (86)  14/25 (56) 6/13 (46) 8/12 (67) 

1 Values are means ± SD or n/N (%) 
2 Data missing for 1 participant 
3 Data missing for 2 participants 
4 Data missing for 3 participants 
5 n = 28 children total because 1 set of twins 
6 n = 14 children total because 1 set of twins 
7 n = 26 children total because 1 set of twins 
8 n = 13 children total because 1 set of twins 
9 Pump system type = open versus closed, as described by manufacturer 
10 Handwashing before using own pump 
11 For details on how women’s cleaning practices were classified, see Appendix E. 
12 Rinsed only after last pumping session (n = 2) or rinsed clean collection kit before pumping (n = 5) 
13 Women in our sample home-sterilized by boiling, washing in the dishwasher, or steam-sterilized using microwaveable bags. 
14 Refers to the tube that connects the milk collection kit to the pump 
BMI = body mass index; GWG = gestational weight gain; WIC = The Supplemental Nutrition Program for Women, Infants, and Children; HM = human milk 
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Supplementary Figure 2). 

Effects of pump setup on the concentration of viable bacteria in milk. Overall, the 

number of viable bacteria in milk varied considerably both within and between women (Figure 

2). Linear mixed effects models revealed that, compared to milk collected with sterile supplies, 

milk collected with own supplies had 5 ± 2.1 times (response ratio ± SEM) more total aerobic 

bacteria (1.5 x 103 ± 4.8 x 102 versus 7.5 x 103 ± 2.4 x 103 sterile versus own supplies, 

respectively; 95% CI 2.2 to 11.2, p = 0.0003), 78 ± 58 times more gram-negative bacteria (1.4 x 

100 ± 0.8 x 100 versus 1.1 x 102 ± 6.0 x 101 sterile versus own supplies, respectively; 95% CI 18 

to 334, p < 0.0001), 1.8 ± 0.5 times more Staphylococcus sp. (1.1 x 103 ± 3.6 x 102 versus 1.9 x 

103 ± 6.4 x 102 sterile versus own supplies, respectively; 95% CI 1.03 to 3.1, p = 0.04), and 3.3 ± 

1.5 times more Streptococcus sp. (4.2 x 102 ± 1.6 x 102 versus 1.4 x 103 ± 5.4 x 102 sterile versus 

own supplies, respectively; 95% CI 1.4 to 7.8, p = 0.009). Logistic mixed effects models 

revealed that, compared to milk collected with sterile supplies, milk collected with own supplies 

had 6.6 ± 4.6 times greater odds (95% CI 1.7, 25, p = 0.006) of containing >104 CFU/mL total 

aerobic bacteria and 19 ± 15 times greater odds (95% CI 4.1, 88, p = 0.0002) of being culture-

positive for gram-negative bacteria. Notably, gram-negative bacteria were commonly present in 

milk collected with own supplies (n/N = 26/52) but not in milk collected with sterile supplies 

(n/N = 3/52). 

Milk 16S composition exhibits high inter- and intraindividual variability. Overall, 

16S analyses also revealed the bacterial communities in milk exhibited high inter- and intra-

individual variability (Figure 3). The most abundant phyla were Firmicutes (mean ± SD relative 

abundance: 63.2 ± 30.7%, range 0.2–99.1%), Proteobacteria (21.7 ± 30.7% range 0–99.5%), and 

Actinobacteria (11.0 ± 15.6% range 0–91.4%). Proteobacteria and Firmicutes were inversely  
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Figure 2. Distribution of viable aerobic bacterial counts according to 
bacteria type in human milk collected with women’s own or sterile supplies 
from the 52 women of MiLC. Each woman contributed samples to each pump 
group (own and sterile supplies). CFU = colony-forming units  
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Figure 3. Relative abundances of bacterial phyla in human milk collected with women’s 
own or sterile supplies from the 52 women of MiLC. Data not rarified. Participant IDs reflect 
infant diet group, namely A001-A053 were women whose infants were fed human milk only and 
B002-B050 were women whose infants were fed human milk and solids.  
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correlated (Spearman’s r = -0.78, 95% CI -0.85 to -0.69 p < 0.001). The most abundant genera 

were Staphylococcus (28.6 ± 1.1%, range 0–98.9%), Streptococcus (23.1 ± 24.4 %, range 0–

91.6%), and Acinetobacter (6.8 ± 16.2%, range 0–76.1%).We identified 131 unique genera, 92 

of them shared between milk collected with own pumps and milk collected with sterile pumps. 

These shared genera represented a mean 98.7% ± 3.7% (SD) of total sequences. 

Effects of pump setup on diversity of 16S sequences in milk. 16S analyses revealed a 

significant effect of pump setup on the bacterial composition of milk. Linear mixed effects 

models revealed the bacterial communities in milk pumped with women’s own supplies were 

less diverse than those in milk pumped with sterile supplies (Table 2). Richness (observed 

ASVs), evenness, and Shannon’s index did not differ significantly in milk based on pump setup 

(Table 2). We measured β diversity with the Jaccard similarity index, Bray-Curtis dissimilarity, 

weighted UniFrac, and unweighted UniFrac. PERMANOVA analyses revealed a significant 

effect of pump setup for all β diversity metrics, indicating the bacterial communities in milk 

collected with own supplies were more similar to each other than milk collected with sterile 

supplies (Figure 4; Table 2).  

Effects of pump setup on the milk bacterial (16S) composition. We tested the effect of 

pump setup on milk 16S composition using PERMANOVA and differential abundance analyses, 

each revealing a strong effect of pump setup (Figure 4, Tables 2-3). PERMANOVA analysis 

revealed that pump setup explained 2.5% of the total variation in milk 16S sequences 

(p = 0.004). Second, we compared the relative abundances of taxa in milk according to pump 

setup at the phylum and genus levels. At the phylum level, milk collected with women’s own 

supplies contained an average 5.5 times higher abundance of Proteobacteria (t ratio = 5.70, q 

<0.001), 1.5 times lower abundance of Firmicutes (t ratio = 4.85, q = <0.001), and 2.7 times 



 

46 

Table 2. Effect of pump setup on diversity of 16S sequences in milk collected from the 52 
participants of MiLC1 

Diversity Metric2 Sterile Supplies (n = 52)  Own Supplies (n = 52) P2 

Alpha diversity     
Observed ASV 62 ± 4.5  62 ± 4.5 0.8 
Peilou’s evenness 0.64 ± 0.02  0.66 ± 0.02 0.2 
Shannon’s index 3.7 ± 0.2  3.9 ± 0.2 0.3 
Faith’s phylogenetic diversity 23 ± 2.1  16 ± 2.1 0.0008 

Beta diversity     
Jaccard similarity index –  – 0.001 
Bray-Curtis dissimilarity –  – 0.002 
UniFrac –  – 0.007 
Weighted UniFrac –  – 0.001 

1 Values reported as means ± SEM 

2 Diversity metrics estimated in QIIME2 v.2018.2 with data rarefied to 1,041 sequences. 

3 Significance assessed using linear mixed effects models adjusted for infant diet (human milk only versus 
human milk and solids) and randomized assignment. Participant ID was included as a random effect. Sterile 
supplies served as the reference.  
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Figure 4. Principle Coordinates Analysis of weighted UniFrac distances (151) of 
16S sequences from milk (n = 104) collected from the 52 participants of MiLC. The 
percentage of variation explained by the principal coordinates is indicated on the axes. 
Ellipses represent the 95% confidence intervals around the centroid for each cluster. The 
ellipse centroids are indicated by *. Data were rarified at 1,041 sequences/sample. 
Linear mixed effects models revealed distances to centroid were significant for pump 
setup (F = 5.5, p = 0.02).  
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Table 3. Effect of pump setup on the 20-most abundant genera in milk collected with sterile 
and own supplies from the 52 participants of MiLC 

Sterile Supplies 
(n = 52) 

 Own Supplies 
(n = 52) 

Genera 
Relative 

Abundance1 
 

Genera 
Relative 

Abundance1 
Staphylococcus 44 ± 4.8  Staphylococcus 28 ± 4.2 
Streptococcus 29 ± 3.6  Streptococcus 17 ± 3.0 
Unid. Bacteria  3.9 ± 1.0  Acinetobacter 14 ± 2.9 
Rothia 3.9 ± 1.1  Stenotrophomonas 5.4 ± 2.0 
Propionibacterium  3.3 ± 1.1  Rhizobium 3.6 ± 1.3 
Rhodanobacter 2.6 ± 0.7  Propionibacterium 2.9 ± 1.2 
Corynebacterium 1 2.0 ± 0.7  Pseudomonas 2.7 ± 0.9 
Gemella 1.7 ± 0.5  Brevundimonas 2.4 ± 1.0 
Kocuria 1.3 ± 1.3  Bacillus 2.0 ± 1.2 
Lactobacillales P5D1-392 1.2 ± 0.4  Kocuria 1.9 ± 1.7 
Actinomyces 0.6 ± 0.2  Unid. Bacteria 1.5 ± 0.5 
Janthinobacterium 0.6 ± 0.2  Gemella 1.4 ± 0.5 
Flavobacterium 0.4 ± 0.2  Corynebacterium 1 1.3 ± 0.6 
Limnohabitans 0.3 ± 0.2  Serratia 1.2 ± 1.1 
Unid. Microbacteriaceae 0.3 ± 0.2  Enterobacter 1.2 ± 0.6 
Enhydrobacter 0.3 ± 0.2  Unid. Enterobacteriaceae 1.2 ± 0.7 
Unid. Caulobacteraceae 0.3 ± 0.3  Enterococcus 0.8 ± 0.6 
Haemophilus 0.3 ± 0.1  Rhodanobacter 0.8 ± 0.2 
Veillonella 0.3 ± 0.1  Chryseobacterium 0.8 ± 0.4 
Rhizobacter 0.2 ± 0.2  Ochrobactrum 0.8 ± 0.7 

Statistically significant differences in relative abundances of genera in milk collected with own versus 
sterile supplies2 

Lineage Genus Log2 fold change3 q 

Proteobacteria – Caulobacteraceae Brevundimonas 8.6 ± 1.2 < 0.0001 
Proteobacteria – Moraxellaceae Acinetobacter 7.5 ± 0.7 < 0.0001 
Proteobacteria – Rhizobiaceae Rhizobium 7.4 ± 1.0 < 0.0001 
Proteobacteria – Enterobacteriaceae Enterobacter 7.3 ± 1.6 0.0001 
Proteobacteria – Xanthomonadaceae Stenotophomonas 6.3 ± 0.8 < 0.0001 
Proteobacteria – Pseudomonadaceae Pseudomonas 4.5 ± 0.8 < 0.0001 
Proteobacteria - Enterobacteriaceae Unid. Enterbacteriaceae 3.8 ± 1.3 0.04 

1 Values reported as percent relative abundance (%) ± SEM. 

2 Differentially abundant genera in milk collected with own versus sterile supplies assessed using DESeq2 (159); 
sterile supplies served as the reference group. 

3 Values reported as log2 fold change ± SE 

Unid. = Unidentified  
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lower abundance of unidentified bacteria (t ratio = 2.22, q = 0.05) compared to milk collected 

with sterile supplies. At the genus-level, DESeq2 analysis revealed relative abundances of 

several genera were significantly higher in milk collected with own supplies compared to milk 

collected with sterile supplies (Table 3). 

Discussion 

The results of this randomized, controlled, crossover trial provide experimental evidence 

pumping at home using everyday practices changes the bacterial composition of human milk 

compared to using sterile methods. Differences include several-fold increases in total aerobic and 

gram-negative bacteria, and Streptococcus sp. in milk collected with own supplies compared to 

milk collected with sterile supplies and >7 times higher abundance Proteobacteria, including 

significantly higher relative abundances of Enterobacter, Stenotrophomonas, Acinetobacter, 

Brevundimonas, Rhizobium, Pseudomonas, and unidentified Enterobacteriaceae.  

These findings are important because the majority of breastfeeding women pump and 

feed at least some of their milk from a bottle (14-17, 94). Knowledge about appropriate pumping, 

handling, and milk storage practices is essential to preserving the unique qualities of human milk 

and ensuring it is safe to drink (72-74). However, current guidelines are based on a body of 

evidence that does not accurately reflect most women’s typical routines and practices. Our 

results expand knowledge about how women’s real-life practices influence the bacterial 

composition of their milk compared to sterile methods (e.g., multiuser pump and new, sterile 

collection kits). These findings can contribute to the development of current and evidence-based 

recommendations for handling and storing pumped milk. 

Unsurprisingly, our results showed a higher bacterial load in milk collected with own 

supplies compared to milk collected with sterile supplies. In the context of providing pumped 
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milk to hospitalized infants, milk collected at home typically contains significantly more viable 

bacteria than milk collected in the hospital, where women often use sterile equipment (19, 93, 

94, 161). In the context of providing pumped milk to healthy infants, milk pumped under typical 

real-life conditions also has relatively high concentrations of bacteria. For example, in a cross-

sectional study of pumped milk anonymously purchased from informal milk-sharing websites, 

Keim et al. (57) reported that 74% of the 101 milk samples they obtained were culture positive 

for gram-negative bacteria or grew >104 CFU/mL total aerobic bacteria. We expand knowledge 

by documenting that in some cases, the amount of cultured aerobic bacteria in milk collected 

with own supplies was higher by several orders of magnitude than milk collected with sterile 

supplies. This suggests some pumping practices are more likely than others to lead to an 

increased microbial load in milk, which has been suggested by others (19, 72, 74). 

A higher microbial load in milk pumped under typical real-life conditions may not 

necessitate immediate concern. The results from multiple studies, including those presented here, 

suggest infants consume large amounts of bacteria from milk even when it is collected 

aseptically or fed at the breast (55, 96, 114, 118-121, 162). For example, Tyson and colleagues 

found milk collected on the contralateral nipple during nursing contained several fold more total 

aerobic and live gram-negative bacteria than milk collected aseptically with an electric pump, a 

manual pump, or by hand-expression (96). It is worth noting, however, milk from the 

contralateral nipple during nursing was collected with hand-washed plastic cups, thus may 

contain bacteria from the surrounding environment and not accurately reflect the microbial 

exposure infants receive while feeding at the breast. Even so, Boix-Amorós et al. (163) provided 

evidence using flow cytometry that milk contains, on average, 106 cells/mL, suggesting infants 

fed exclusively at the breast consume 7-8 billion bacterial cells daily. 
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We found increased abundance of Enterobacter, Stenotrophomonas, Acinetobacter, 

Brevundimonas, and Pseudomonas in milk collected with own supplies compared to sterile 

supplies. Although some species within these genera are known and opportunistic pathogens, 

they typically are only reported as problematic for hospitalized infants (88, 164, 165). Inasmuch 

as, our trial included health mothers and infants, their presence may not be an immediate concern 

for healthy, term infants. However, our trial was not designed to assess the clinical significance 

of the bacterial composition of pumped milk for infant health. For this reason, more research is 

needed to understand the implications of our findings for infant health. 

A more immediate concern of our findings may be milk quality. Many of the gram-

negative bacteria we identified as being more abundant in milk collected with women’s own 

supplies compared to milk collected with sterile supplies, such as Brevundimonas and 

Pseudomonas, are psychotrophs known in the dairy industry to cause milk spoilage (166-168). It 

is plausible the presence of these bacteria in pumped human milk may also lead to spoilage 

problems. This subject merits additional investigation.  

Finally, our results provide strong evidence that gram-negative bacteria are part of the 

native human milk microbiota, but they are rarely alive. A number of other studies have 

identified gram-negative bacteria (e.g., Proteobacteria) in milk, though their proportional 

abundances in milk vary by geographic location (119, 169, 170). Among women living in North 

America, proportional abundances of Proteobacteria are generally low (118, 119, 171), except in 

studies with milk collected using non-aseptic methods (114, 121). These findings underscore the 

importance of using multiple techniques to study the milk microbiota. 

The main strength of this study was its randomized, crossover design, which allowed for 

causal inference and minimized potential confounding. Our milk collection protocol minimized 
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interindividual and diurnal variability in the bacterial composition of milk, which increased our 

ability to identify differences as statistically significant. Another strength of this study was that 

randomization was stratified by infant diet. This both reduced confounding and increased the 

generalizability of our findings to women with a range of infant feeding practices. Finally, by 

using both aerobic culturing and high-throughput 16S rRNA sequencing, we deepened our 

understanding of the milk 16S, namely that some taxa are present but not alive. 

The main limitation of our study was that the methods we used to analyze the bacterial 

composition of milk did not allow us to discern bacterial species or strains, which is needed to 

identify known pathogens. In addition, although we were able to assess the effect of women’s 

real-life practices on the bacterial composition of their milk, we were not able to capture all 

possible scenarios women commonly face, such as pumping and storing their milk at work. It is 

possible that the practices women use to handle and store their milk are systematically different 

than how they pump and store their milk at home. Thus, the findings reported here are only 

generalizable to practices used under the conditions described. 

Conclusions 

Pumping milk at home with women’s own pumps and collection kits alters the bacterial 

composition of milk compared to pumping with a multiuser pump and sterile collection kits, 

most notably by increasing the abundance of Proteobacteria and live gram-negative bacteria. 

Furthermore, not only does the bacterial composition of milk differ by pump setup, in many 

cases, it differs by several orders of magnitude. More research is needed to understand the 

implications of our findings for milk quality and infant health.   
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CHAPTER 3 

SOURCES OF AND FACTORS ASSOCIATED WITH VARIATION IN THE BACTERIAL 

COMPOSITION OF HUMAN MILK PUMPED WITH WOMEN’S OWN SUPPLIES 

 

Sarah M. Reyes, Dainelle L. Allen, Janet E. Williams, Mark A. McGuire, Michelle K. McGuire, 

Kathleen M. Rasmussen, Anthony G. Hay  
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Abstract 

Background: Human milk inherently contains bacteria, although additional bacteria can be 

added during pumping. The sources of these extra bacteria and factors associated with their 

presence in milk remain underinvestigated. 

 

Objectives: To identify the potential sources of and factors associated with variation in the 

bacterial composition of milk pumped with women’s own supplies. 

 

Design: Observational substudy of the Milk in Life Conditions trial. Milk was collected from 52 

women using their own pumps and milk collection kits, cleaned at home using usual practices. 

Before milk was pumped, we swabbed mothers’ areolas, dominant hands, milk collection kits, 

and their infants’ mouths. Bacterial composition was assessed via aerobic culturing (milk only) 

and high-throughput sequencing of the 16S rRNA gene (all samples). Mothers’ pumping and 

self-reported cleaning practices were recorded. 

 

Results: SourceTracker2 analysis revealed most 16S sequences in milk collected with women’s 

own supplies likely originated from swabbed body sites and pump equipment, with the 

predominant contributors being inversely correlated areolas and milk collection kits. Areolas 

predominately contributed Firmicutes (Staphylococcus and Streptococcus); milk collection kits 

predominantly contributed Proteobacteria (Acinetobacter and Stenotrophomonas). The percent of 

16S sequences in milk contributed by collection kits was associated with practices used to clean 

kits. Furthermore, collection kit cleaning practices were associated with the number of cultured 

bacteria in milk. Compared to pumping with sterilized collection kits, pumping with hand-
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washed or rinsed collection kits was associated with 5.8 higher odds of milk growing >104 

colony-forming units/mL total aerobic bacteria (95% CI 1.1, 30; p = 0.04) and 4.9 higher odds of 

being culture-positive for gram-negative bacteria (95% CI 1.02, 21; p = 0.03).  

 

Conclusions: Women’s own milk collection kits are likely the predominant contributors of 

Proteobacteria and live gram-negative bacteria in milk collected with women’s own supplies. 

Sterilization of kits at home is associated with fewer of these types of bacteria in milk. 
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Introduction 

According to the American Academy of Pediatrics, human milk is the only food an infant 

should receive for the first ~6 mo; they should continue to receive it until at least 1 y of age (31). 

To meet this recommendation, many women rely on pumping so their milk can be fed when 

feeding at the breast is unavailable or undesired (2, 5-7, 14, 17). However, pumped milk comes 

in contact with many surfaces on its path from breast to bottle to infant (7), losing anti-infective 

components (79, 95) and likely collecting bacteria along the way (55, 89, 96, 97) (Chapter 2). 

The types and quantities of bacteria added to milk during pumping milk have been the subject of 

much research (Chapter 2) (57, 83-85, 88-93); however, only limited effort has focused on 

systematically investigating the sources of these extra bacteria. 

Previous evidence suggests when bacteria are added to milk during pumping, they likely 

originate from multiple sources, including the pump (84, 85, 88, 89, 111), milk collection kits 

(83, 84), women’s hands (112), and breasts (55). Moreover, in-depth reports from our group and 

others have shown that the types of pumps women use; how they clean their milk collection kits; 

and other practices used to handle and store their milk vary greatly (6, 7, 13). We hypothesize the 

number and types of bacteria transferred to milk are a function of such behaviors and practices. 

The sources of extra bacteria in milk and factors associated with their presence in milk 

remain underinvestigated. The objectives of this study were to identify the potential sources of 

and factors associated with variation in the bacterial composition of milk pumped with women’s 

own supplies. To accomplish these objectives, we employed data from the MiLC in Life 

Conditions (MiLC) trial. MiLC was a randomized crossover trial of 2 breast pump setups 

investigating the effect of pumping with women’s own pumps and own milk collection kits 

(“own” supplies) on the bacterial composition of milk compared to pumping with a multiuser 
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pump and sterile collection kits (“sterile” supplies). In Chapter 2, we reported that immediately 

after pumping, the bacterial load of milk collected with women’s own supplies was several fold 

higher compared to milk collected from the same women using sterile supplies. These results 

indicate that bacteria are added to milk when women pump with their own supplies. However, 

the differences in the microbial loads of milk collected with own and sterile supplies varied from 

roughly no difference to differences of several orders of magnitude. Here, we use these data, 

namely bacterial data from milk collected with women’s own supplies, along with data not 

previously reported about women’s cleaning and pumping behaviors, as well as 16S rRNA data 

for selected body sites and pump equipment to identify the potential sources of and factors 

associated with the variation in the bacterial composition of milk pumped with women’s own 

supplies. 

Methods 

Study design. This observational study (ClinicalTrials.gov ID: NCT03371511) was 

conducted as part of the Milk in Life Conditions (MiLC) study (ClinicalTrials.gov ID: 

NCT03123874). In the parent study, healthy women fully pumped milk from the same breast 

during 2 consecutive pumping sessions at home, once with their own pumps and collection kits 

(“own” supplies) and once with a multi-user pump (Medela Symphony®) and new, sterile 

collection kits (“sterile” supplies). The order in which women used the 2 types of pump supplies 

was randomized. Randomization was stratified by infant diet (human milk v. human milk and 

solids). The study was conducted in Ithaca, NY, and the surrounding area between June–October 

2017. Full trial methods and eligibility criteria are described in detail in Chapter 2. Written 

informed consent was obtained according to the study protocol approved by the Institutional 

Review Board at Cornell University. 
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As reported in Chapter 2, compared to milk collected with sterile supplies, milk collected 

with women’s own supplies grew 5 ± 2.1 times more total aerobic bacteria (p = 0.0003), 78 ± 58 

times more gram-negative bacteria (p < 0.0001), 1.8 ± 0.5 times more Staphylococcus sp. (p = 

0.04), and 3.3 ± 1.5 times more Streptococcus sp. (p = 0.009 ). 16S rRNA analyses revealed that, 

compared to milk collected with sterile supplies, milk collected with women’s own supplies was 

less phylogenetically diverse (Faith’s phylogenetic diversity index, p = 0.0008) and contained >7 

times higher relative abundance of Proteobacteria (q < 0.0001), notably exhibiting higher relative 

abundances of Enterobacter, Stenotrophomonas, Acinetobacter, Brevundimonas, Rhizobium, 

Pseudomonas, and unidentified Enterobacteriaceae. 

Milk and swab collection. Procedures for milk collection and handling were described 

in detail in Chapter 2. Before women pumped with their own supplies, sterile nylon-flocked 

swabs (Copan) were rubbed vigorously for ~20 sec on the following areas: the areola of the 

study breast, the palm of the participant’s dominant hand, her infants’ oral cavity, and the inner 

surfaces of her own milk collection kit (flange, valves, and pump bottles), and the inside of pump 

tubing at both ends as far as the swab could reach. Swabs were transported on ice back to the 

laboratory at Cornell University where they were immediately stored at -20 oC until they were 

shipped to the University of Idaho for analysis. Samples were shipped on dry ice and arrived 

within 24 h. All samples remained frozen during shipment and immediately transferred to a -20 

ºC freezer until analysis. 

Bacterial analyses. All milk samples were aerobically cultured for total aerobic bacteria, 

gram-negative bacteria, Staphylococcus sp., and Streptococcus sp. as described in Chapter 2. For 

a culture-independent assessment of the milk microbiome, the V1-V3 regions of 16S rRNA 

genes (16S) were amplified from DNA extracted from milk as described in Chapter 2. The 
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bacterial composition of swab samples was only assessed using 16S sequencing using the same 

protocol as milk samples with one modification: swab tips were removed with flame-sterilized 

scissors and placed directly into 750 L TE50 buffer (QIAGEN, 10 mM Tris-HCl, 50 mM 

EDTA, pH 8). Subsequent steps in the protocol were followed as described in Chapter 2. 

Bioinformatics. Amplicons for milk and swab samples were sequenced in separate runs 

on an Illumina MiSeq v3 (San Diego, CA, see Chapter 2 for details), and necessarily were 

trimmed, filtered, and sorted separately. Amplicon preprocessing using standard procedures with 

quality control as previously described in Chapter 2. Amplicon sequence variants (ASVs) were 

identified using the DADA2 plug-in (139) for Quantitative Insights Into Microbial Ecology 2 

(QIIME2; v. 2018.2) (140), and taxonomically classified using the SILVA 16S rRNA reference 

database (v. 128) as described in Chapter 2 with the following modifications: we did not remove 

ASVs only present in 1 sample; and only samples with >1,000 sequence reads were analyzed 

(Supplementary Figure 3). The resultant dataset was used for analyses reported unless 

otherwise indicated. 

Creation of Variables 

Practices related to cleaning milk collection kits. Women were asked how they last 

cleaned their milk collection kit used for this study. Specifically, they were asked: 

 How did you wash [the pump bottles and shields used today]? [Response: (a) by 

hand, and (b) in the dishwasher] 

 Did you use detergent? [Response: (a) yes, and (b) no] 

 Where were they washed? [Response: (a) home, and (b) work] 

 Which sink did you use? [Response: (a) kitchen, (b) bathroom, and (c) other] 



 

60 

Although the questionnaire listed predetermined responses, the study director (SMR) 

asked each question as if it were open-ended. This allowed each woman to describe her actual 

practices for this pump collection kit. When the practices she described fell within only one of 

the predetermined categories, it was recorded accordingly. Otherwise, the response was recorded 

as described by the participant. As an example, some women (n = 7) reported using a different 

sterilization method than was listed on the questionnaire; others (n = 7) only rinsed their kits 

since their last pumping session. Other women (n = 8) described practices that fit into more than 

one predetermined category. For example, one woman described having washed her milk 

collection kit (pump bottles, flanges, and shields) first by hand, then in the dishwasher, and 

finally in a microwave sterilization bag. For women who used multiple practices, the last one 

used was recorded. Finally, some women (n = 4) described different practices for different parts 

of the milk collection kit. For example, some women reported washing pump bottles in the 

dishwasher but handwashing the flanges and shields. For the latter women, the least rigorous 

cleaning practice was recorded, with rinsing considered the least rigorous and sterilizing 

considered the most rigorous.  

Based on their responses, women’s cleaning practices were categorized as rinsed, hand-

washed, or sterilized. Rinsed was defined as cleaning with water only; hand-washed was defined 

as cleaning with water and detergent; and sterilization was defined as washing in the dishwasher, 

boiling, or steam-sterilization using a microwave sterilization bag. We also collapsed this 3-level 

categorical variable into a 2-level categorical variable by combining the rinsed and hand-washed 

with detergent categories, resulting in 2 categories: (a) hand-washed or rinsed and (b) sterilized 

(Supplementary Table 1). 
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Pump type (open v. closed-system). The make and model of each participant’s breast 

pump was recorded. Pump type, characterized as whether the pump had an open- or closed-

system, was determined from information provided on manufacturers’ websites. 

Infant diet (human milk only v. human milk and complementary foods). Participants 

self-reported their infants’ diets as human milk only or human milk plus complementary foods. 

Formula-fed infants were not included in this study. 

Calculation of Diversity Indices 

Alpha (α) diversity indices of 16S sequences in milk and across body sites and pump 

equipment (observed ASV, Faith’s phylogenetic diversity index, and the inverse Simpson index) 

were estimated using QIIME2 v.2018.2 (140) and the vegan package 2.5-4 for R (160). Faith’s 

phylogenetic diversity characterizes diversity by summing the lengths of branches on the 

phylogenetic tree that separate species, or in our case ASV (146). Branch lengths are inversely 

associated with ASV (a proxy for species) relatedness. The inverse Simpson index reflects for 

the probability that two randomly drawn bacteria from the same sample belong to different ASV 

(172). 

Data were rarefied for diversity estimates because they are correlated with sequencing 

depth (number of sequences per sample) (152). However, sequencing depth often differs for 

technical rather than biological reasons (153). Rarefaction plots were used to determine the 

appropriate sampling depth. 

Statistical analyses. Statistical analyses were based on 2 aims. Our first aim was to 

characterize and compared the bacterial (16S) community profiles on body sites, pump 

equipment, and in milk. We hypothesized that some bacteria from these body sites and pump 

equipment would also be present in expressed milk. Our second aim was to evaluate women’s 
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behaviors and variation in bacteria cultured from milk. We hypothesized that adherence to 

recommendations (no v. yes), pump system type (open v. closed system), handwashing (no v. 

yes), and kit cleaning practice (washed or rinsed v. sterilized) would be associated with higher 

odds of milk being culture-positive for gram-negative bacteria and/or growing >104 CFU/mL 

total aerobic bacteria. 

Aim 1: To characterize and compare the 16S community profiles on body sites, pump 

equipment, and in milk. Differences in α diversity metrics (e.g., observed ASVs, Faith’s 

phylogenetic diversity index, and Inverse Simpson index) among body sites, pump equipment, 

and milk were analyzed using linear mixed effects models in the lme4 package 1.1-21 for R (R 

version 3.5.3 (173) and R Studio 1.1.383 (155)). Alpha diversity metrics were used as continuous 

response variables in separate models. Observed ASVs and Faith’s phylogenetic diversity index 

were log-transformed to account for skewed data. All models had random effect of participant ID 

to account for multiple samples contributed by each participant. Models were also adjusted for 

infant diet (human milk v. human milk and solids) and randomized assignment of the parent trial 

(whether pumping with own supplies occurred first or second). Fixed effects were estimated with 

ANOVA using the Satterthwaite method (174). Selected post hoc comparisons were used to 

compare  diversity metrics between milk collection kits and each of the other sampling sites. 

Analyses were conducted in R (3.5.3) (173) with statistical significance set at p ≤ 0.05. To 

account for multiple comparisons, P values were adjusted using the FDR method (158). Alpha 

diversity metrics were visualized as boxplots using the ggplot function of the ggplots2 package 

3.1.0.9000 for R. 

Beta diversity of milk, body sites, and pump equipment were assessed using the 

DEICODE plug-in for QIIME2 (QIIME2 version 2019-1) (175) on ASVs with >10 reads across 
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the entire dataset (n = 5,222). DEICODE combines centered log-ratio transform (Aitchison 

Distances (176)) on only non-zero values of the ASV table and dimensionality reduction through 

robust principal components analysis (PCA) on only the non-zero values of the ASV table 

(matrix completion (177)). Beta-diversity ordination was imported into R using the qiime2R 

package 0.99.11 for R, and biplots were visualized using the ggplot function of the ggplots2 

package 3.1.0.9000 for R. To test whether clustering patterns among the sample groups in the 

ordination were significantly different, non-parametric permutational analysis of variance 

(PERMANOVA) (adonis function in vegan package 2.5-4 for R with 999 permutations) and 

analysis of similarities (ANOSIM) (β-group-significant function in QIIME2 (175) were 

performed. PERMANOVA tests for between-group differences in presence/absence and relative 

abundances of species (ASVs) (178). ANOSIM compares the mean of ranked dissimilarities 

between groups to the mean of ranked dissimilarities within groups (179). Cluster dispersion was 

evaluated by comparing mean within-group distances to centroid, which were calculated using 

the dist_groups and dist_to_centroids functions in the usedist package 0.1.0 for R. Distance to 

centroid values were visualized as boxplots using the ggplot function of the ggplots2 package 

3.1.0.9000 for R. Differences between sites were tested using linear mixed effects models as 

described above. The model had the same random effect and was adjusted as described above.  

Hypothesis 1. We hypothesized that some bacteria from body sites and pump equipment 

would be present in milk collected with women’s own supplies. Hypothesis 1 was tested using 

SourceTracker2 2.0.1 (180). This method uses Gibbs sampling, a Bayesian procedure, to 

estimate the mixing proportions of sources in a sample (181). Effectively, through an iterative 

process, each DNA sequence present in the sample of interest—called the sink—is compared to 

the DNA sequences in each of the putative sources. In our case, milk was the sink; the milk 
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collection kit, pump, areolas, hands, and infants’ oral cavities were the putative sources. For each 

DNA sequence, a probability value is calculated for each sink-source comparison. The source 

with a significantly high probability value is considered to be the possible origin of that DNA 

sequence. If no source has a statistically significant probability value, the DNA sequence is 

considered to have originated from the sink itself (e.g., milk) or another unmeasured source. We 

used this method to estimate the proportion of bacterial DNA sequences in expressed milk that 

likely originated from body sites (women’s hands, areolas, and infants’ oral cavities) and 

women’s pump equipment (milk collection kits and pump tubing).  

Given SourceTracker2 (180) is a probability-based method, it is not possible to infer 

directionality. In light of this limitation, we wanted to test our subhypothesis that acute 

“contamination” occurs during expression (Supplementary Figure 4). To do this, we compared 

SourceTracker2 (180) results based on practice used to clean milk collection kits (washed or 

rinsed v. sterilization). Wilcoxon rank-sum tests was used to determine statistical significance. In 

addition, Pearson’s correlation was estimated using the cor function in the stats package for R to 

identify potential correlations between the percentage of 16S sequences in milk contributed by 

body sites and pump equipment. Finally, to identify differentially abundant taxa at the genus 

level, we used DESeq2 1.22.2 (159).  

Aim 2: To evaluate associations between women’s behaviors and variation in bacteria 

cultured from milk. 

Hypothesis 2. We hypothesized women’s own pump system type (open v. closed 

system), handwashing (no v. yes), and kit cleaning practice (hand-washed or rinsed v. 

sterilization of collection kits) would be associated with higher odds of milk being culture-

positive for gram-negative bacteria and/or growing >104 CFU/mL total aerobic bacteria. 
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Hypothesis 2 was tested using logistic mixed effects regression to evaluate independent 

associations between adherence to recommendations (no v. yes), pump system type (open v. 

closed system), handwashing (no v. yes), and kit cleaning practice (washed or rinsed v. 

sterilization of collection kits) and 3 dichotomous outcomes: live gram-negative bacteria (yes v. 

no), >104 CFU/mL of total aerobic bacteria (yes v. no), and both presence of live gram-negative 

bacteria and >104 CFU/mL of total aerobic bacteria (yes v. no). Logistic regression was 

conducted using the glm function in the stats package for R. Separate models were conducted for 

each dichotomous bacterial outcome. Associations between behavioral covariates and bacterial 

outcomes were first tested independently in bivariate analyses. Bivariate analyses had the same 

random effect and were adjusted as described above for linear mixed effects models. Then, based 

on our a priori hypothesis that that some portion of microbial communities of sites that came 

into contact with each other would be shared, we tested prespecified interactions between 

cleaning practice and handwashing and between cleaning practice and pump type as well as the 

interaction among cleaning practice, handwashing, and pump type.  

Results 

Participant characteristics. We studied the 52 women who participated in the MiLC 

trial (see Table 1 in Chapter 2). Most women were Caucasian and ineligible for WIC. 

Participants were on average ± SD 33.6 ± 4.0 y old and 6.5 ± 4.2 mo postpartum. On average, 

participants gained 14.6 ± 10.9 kg during their pregnancy, and 25% had a cesarean delivery. One 

mother and one baby (not from the same dyad) reported receiving antibiotics in the past 30 d. 

Fifty percent of infants were female, and 52% of infants were exclusively fed human milk. 

Participant behaviors and factors associated with pumping. Participants self-identified 

as “regular” pumpers (n = 33), “occasional/irregular” pumpers (n = 17), or “exclusive” pumpers 
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(n = 2; pumped milk but did not feed their babies at the breast). Sixty-two percent of women 

expressed their milk with open-system electric pumps (Table 4). While 56% of women used a 

pump newly obtained with their current child, 30% used pumps obtained with a previous child, 

and 12% used pumps obtained second-hand from other women. Used pumps were as old as 7 

years and used for as many as 4 previous children. Two women had more than one pump. 

Participants’ behaviors for handwashing and cleaning collection kits varied. Only 16% of 

women washed their hands before pumping (Table 5). To clean collection kits, 25% of women 

sterilized their collection kits by boiling, washing in the dishwasher, or steam-sterilizing in the 

microwave using reusable bags. Sixty-two percent of women hand-washed their collection kits 

using detergent. Four percent (n = 4) of women only rinsed their kits since their last pumping 

session, which in both cases occurred within 12 h before pumping for this study. About 10% 

(n = 5) of women cleaned their collection kits according to recommended practice (75, 76) but 

then intentionally rinsed them before pumping for this study. Four of these women expressed 

using visibly wet collection kits (Supplementary Table 1). Five women had attempted to wash 

their pump tubing. Many women expressed concern with condensation in the tubing. Some 

women reported having replaced pump tubing at least once because of condensation build-up. 

One woman replaced her pump tubing with black all-purpose tubing from a hardware store. 

Sample characteristics. After excluding 14 samples with <1,000 16S rRNA bacterial 

sequences, we analyzed a total of 298 samples: milk (n = 52), areolas (n = 51), hands (n = 48), 

infants’ oral cavities (n = 50), women’s own collection kits (n = 50), and pump tubing (n = 47). 

We obtained 6,071,143 sequences from these samples (Supplementary Figure 3). The number 

of sequences per sample ranged from 1,058 to 145,213 with an average of 20,373 

sequences/samples (median = 17,118 sequences/sample; IQR: 18,893).  



 

67 

Table 4. Personal pump types and characteristics among the 52 women in MiLC 

Make Model 
System 

type 

Total number of 
participants used

n (%) 

Obtained new 
w/current 

child 
n (%) 

Obtained new 
w/previous 

child 
n (%) 

Obtained 
secondhand  

n (%) 

Ameda 
Purely 
Yours 

Closed 6 (11.5) 4 (67) 2 (33) 0 (0) 

Freemie Freedom Closed 1 (1.9) 1 (100) 0 (0) 0 (0) 

Hygia Enjoye Closed 1 (1.9) 1 (100) 0 (0) 0 (0) 

Lucina Melodi One Closed 3 (5.8) 2 (67) 1 (33) 0 (0) 
Medela Freestyle Closed 1 (1.9) 0 (0) 0 (0) 1 (100) 

 
Pump-in-

Style 
Open 31 (59.6) 13 (45)1 12 (41)1 4 (13) 

 Lactina Closed 1 (1.9) –2 –2 –2 

 Other3 Open 1 (1.9) 0 (0) 0 (0) 1 (100) 

Spectra S1/S24 Closed 7 (13.4) 7 (100) 0 (0) 0 (0) 

1 Percent calculated out of n = 29 because 2 women had two versions of the same pump, one they obtained new with 
current child and one they obtained new with previous child. Neither woman knew which pump they were using.  

2 Rented from a lactation consultant 

3 Older model of a Medela, double-electric breast pump but exact model not identified. 

4 S1 and S2 models were not differentiated. 
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Table 5. Participant pumping practices, pump characteristics, and live bacterial growth in milk collected with women’s own 
supplies from the 52 women in MiLC 

 >104 CFU/mL Total Aerobic Bacteria1  Culture-Positive for Gram-Negative Bacteria1 

Factor n (%) n/N (%) OR3 95% CI P  n/N (%) OR3 95% CI P 

Handwashing          

Yes 8 (16)2 1/8 (13) (ref) (ref)   4/8 (50) (ref) (ref)  

No 41 (84)2 18/41 (44) 6.0 (0.6, 55) 0.1  19/41 (46) 0.8 (0.2, 3.9) 0.8 

Collection kit cleaning practice4          

Sterilized at home5 13 (25) 2/13 (15) (ref) (ref)   3/13 (13) (ref) (ref)  

Washed by hand or rinsed6 39 (75) 20/39 (51) 5.8 (1.1, 30) 0.04  23/39 (59) 4.9 (1.1, 21) 0.03 

Pump system type           

Closed 20 (38) 12/20 (60) (ref) (ref)   11 (55) (ref) (ref)  

Open 32 (62) 10/32 (31) 0.3 (0.1, 1.03) 0.06  15 (47) 0.7 (0.2, 2.3) 0.6 
1 Dichotomous outcome (yes versus no) 
2 n = 49, missing data on handwashing for 3 women 
3 Adjusted for infant diet (human milk only or human milk and solids) and randomized assignment in the parent trial (using own pump first or second).  
4 See Supplementary Table 1. 
5 Sterilized at home included any method used for sterilization, which for MiLC participants included boiling, washing in the dishwasher, or steam-sterilizing in 
the microwave with reusable bags. 
6 Washed by hand or rinsed defined as hand-washed with or without detergent. 
ref = reference group 
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Aim 1: To characterize and compare the 16S community structures on body sites, 

pump equipment, and in milk. 

16S community structure and diversity in milk, body sites, and pump equipment. We 

identified 29 unique phyla across 5,951 ASV. After taxonomic classification was manually 

curated to identify the last known lineage, ASVs were collapsed at the genus level. Overall, 603 

unique genera were identified across the 298 samples. Considering only genera that constituted 

>1% mean relative abundance within each sampling site, we identified 45 unique genera. About 

62% of these were shared by at least two sites (Figure 5, Table 6). Notably, Acinetobacter and 

Staphylococcus were uniquely shared among collection kits, milk, pumps, mother’s hands, and 

areolas. Pseudomonas was shared among kits, milk, pumps, and hands. Rhizobium, 

Brevundimonas, Stenotrophomonas, and Bacillus were uniquely shared among milk, collection 

kits, and pumps. Chryseobacterium, Enterobacter, and Serratia were uniquely shared between 

milk and collection kits. 

Despite some shared genera, 16S sequences in milk and on body sites and pump 

equipment were distinct in both composition (Figure 6, Table 7) and diversity (Figure 7, Figure 

8). Firmicutes constituted the predominant phylum in milk (mean  SD relative abundance: 69  

34%, range 4-99%), areolas (63  21%, range 0-97%), and infants’ oral cavities (79  15%, 

range 39-99%); Proteobacteria were predominant on collection kits (61  32%, range, 1-100%) 

and in pump tubing (46  17%, range 1-100%). No single phylum was predominant on women’s 

hands. At the genus-level, Staphylococcus was predominant in milk, Streptococcus was 

predominant on areolas, Streptococcus was predominant in the infant oral cavity, Acinetobacter 

was predominant on collection kits, Flavobacterium was dominant in pump tubing, and 

Methylobacterium and Streptococcus were predominant on women’s hands (Table 7).  
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Figure 5. Venn diagram of shared genera across milk, body sites, and pump equipment 
among the 52 women in the MiLC. Genera with >1% overall mean relative abundance are 
shown. Numbers represent unique genera shared among sampling sites. Specific genera shared 
are listed in Table 3. Kit = Collection kit, Pump = pump tubing. 
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Table 6. Shared ASVs among milk, body sites, and pump equipment for genera 
constituting >1% mean relative abundance within group among 52 Women in MiLC  

Combination 

Number of 
uniquely 

shared genera 
Taxonomic classification  

of shared genera 

Areola, collection kit, milk, mother’s hand, pump 2 Acinetobacter, Staphylococcus 
Collection kit, milk, mother’s hand, pump 1 Pseudomonas 
Aerola, infant oral cavity, milk, mother’s hand 2 Streptococcus, Rothia 
Aerola, milk, mother’s hand, pump 1 Propionibacterium 
Aerola, collection kit, mother’s hand, pump 2 Flavobacterium, Methylobacterium 
Collection kit, milk, mother’s hand 1 Kocuria 
Collection kit, milk, pump 4 Rhizobium, Brevundimonas, 

Stenotrophomonas, Bacillus 
Aerola, milk, mother’s hand 1 Corynebacterium 1 
Aerola, infant oral cavity, milk 1 Gemella 
Collection kit, mother’s hand, pump 2 Unidentified Microbacteriaceae, 

Bradyrhizobium 
Collection kit, milk 3 Chryseobacterium, Enterobacter, 

Serratia 
Aerola, milk 1 Unidentified Enterobacteriaceae 
Aerola, collection kit 1 Unidentified Corynebacteriaceae 
Collection kit, mother’s hand 1 Enhydrobacter 
Collection kit, pump 1 Sphingomonas 
Aerola, mother’s hand 1 Micrococcus 
Infant oral cavity, mother’s hand 1 Actinomyces 
Mother’s hand, pump 2 Aquabacterium, Cupriavidus 
Milk 2 Unidentified Bacteria, Ochorobactrum 
Kit 2 Sphinogobium, Enterococcus 
Aerola 1 Rubellimicrobium 
Mother’s hand 3 Anaerococcus, Zoogloea, Massilia 
Infant oral cavity 5 Veillonella, Unidentified Lactobacillales 

P5D1-392, Neisseria, Haemophilus, 
Porphyromonas 

Pump 4 Novosphingobium, Unidentified 
Sphingomonadaceae, Klebsiella, 
Sphingobium 

Related to Figure 5.  

ASV = amplicon sequence variant 
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Figure 6. Bacterial phyla and α-diversity across milk, body sites, and pump 
equipment among the 52 women in the MiLC. (A) Percent relative abundances 
with error bars representing SD. Data not rarefied. (B) Alpha diversity estimated on 
rarefied data. Data rarefied at 1,058 sequences. Alpha-diversity metrics were 
analyzed using linear mixed-effects models, which corrected for multiple 
observations from each participant (random effect) and adjusted for infant diet and 
randomizied assignment in the parent trial. Linear mixed effects analysis revealed all 
 diversity metrics to be statistically significant (p ≤ 0.002). Post hoc comparisons 
were used to compare  diversity metrics among kits and the other sampling sites. 
Compared to collection kits, milk and infant oral cavities had significantly more 
observed ASVs (adjusted   SEM, milk: 21.9  4.5; p < 0.0001; infant oral cavity: 
14.1  4.5; p = 0.002) and pumps had significantly fewer observed ASVs (pump: -
12.1  4.6; p = 0.009). Compared to collection kits, milk was more phylogenetically 
diverse (7.0  0.8; p < 0.0001). Finally, compared to collection kits, women’s hands 
were more diverse overall (Inverse Simpson Index: 5.5  1.5; p = 0.0004). Pump = 
pump tubing. 
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Table 7. Most abundant genera (>1% mean relative abundance) in human milk, body sites, and pump equipment among the 
52 women in MiLC 

Milk Infant oral cavity Areola Mother’s hand Collection kit Pump 

Genera 
Mean  
SD Genera 

Mean  
SD Genera

Mean  
SD Genera

Mean  
SD Genera

Mean  
SD Genera

Mean  
SD

Staphylococcus 28  30 Streptococcus 67  17 Streptococcus 26  25 Methylobacterium 9.3  11 Acinetobacter 19  30 Flavobacterium 10  17 

Streptococcus 17  21 Rothia 11  10 Staphylococcus 22  29 Streptococcus 9.0  12 Staphylococcus 12  13 Acinetobacter 7.8  13 

Acinetobacter 14  20 Gemella 6.3  6.4 Propionibacterium 7.4  14 Propionibacterium 7.2  10 Rhizobium 6.9  11 Pseudomonas 7.0  13 

Stenotrophomonas 5.4  14 Unid. 
Lactobacillales1 3.0  3.6 Corynebacterium 1 4.4  7.5 Staphylococcus 6.1  7.6 Stenotrophomonas 5.3  15 Methylobacterium 5.5  9.7 

Rhizobium 3.6  8.3 Haemophilus 1.7  2.3 Flavobacterium 3.9  4.6 Flavobacterium 4.7  7.6 Kocuria 4.6  14 Stenotrophomonas 4.9  7.2 

Kocuria 4.1  13 Neisseria 1.6  3.1 Rothia 3.6  5.9 Acinetobacter 3.3  4.7 Brevundimonas 4.4  8.4 Staphylococcus 3.9  15 

Pseudomonas 3.5  6.3 Actinomyces 1.5  2.3 Methylobacterium 2.7  5.1 Massilia 2.9  4.3 Flavobacterium 4.1  11 Bacillus 3.1  7.4 

Bacillus 3.0  8.5 Veillonella 1.3  1.8 Gemella 2.6  8.0 Micrococcus 2.8  6.1 Bacillus 3.3  13 Sphingobium 3.0  2.4 

Brevundimonas 2.9  5.7 Porphyromonas 1.2  2.2 Rubellimicrobium 1.9  5.4 Anaerococcus 2.3  5.1 Pseudomonas 2.9  6.3 Brevundimonas 2.9  4.7 

Propionibacterium 2.8  8.1   Acinetobacter 1.7  4.1 Corynebacterium 1 2.1  5.7 Enterobacter 2.8  10 
Unid.
Microbacteriaceae 2.6  4.4 

Rothia 2.1  4.5   Unid.
Enterobacteriaceae 1.7  6.8 Bradyrhizobium 2.0  3.5 Methylobacterium 2.7  7.5 Bradyrhizobium 2.5  6.4 

Unid. 
Enterobacteriaceae 1.8  5.5   Micrococcus 1.6  3.9 Pseudomonas 1.8  8.4 Enterococcus 2.3  6.8 Sphingomonas 2.5  4.8 

Chryseobacterium 1.8  4.0   Unid. 
Corynebacteriaceae 1.2  3.3 Unid. 

Microbacteriaceae 1.7  2.0 Serratia 1.8  10 Unid. 
Sphingomonadaceae 2.0  3.5 

Unid. Bacteria 1.2  2.8     Kocuria 1.5  4.0 Chryseobacterium 1.6  3.0 Cupriavidus 1.7  3.4 

Gemella 1.1  3.1     Aquabacterium 1.2  2.4 
Unid. 
Corynebacteriaceae 1.5  3.0 Propionibacterium 1.4  8.6 

Serratia 1.1  8.5     Cupriavidus 1.2  2.1 Bradyrhizobium 1.3  4.0 Novosphingobium 1.3  3.0 

Corynebacterium 1 1.1  4.1     Zoogloea 1.2  2.9 Sphingomonas 1.1  3.6 Aquabacterium 1.2  3.1 

Ochrobactrum 1.0  4.9     Enhydrobacter 1.0  4.2 Enhydrobacter 1.1  2.2 Rhizobium 1.1  3.2 

Enterobacter 1.0  3.7     Rothia 1.1  3.1 Sphinogobium 1.0  3.6 Klebsiella 1.1  1.4 

      Actinomyces 1.0  2.2 Unid. 
Microbacteriaceae 1.0  3.7   

1Unid. Lactobacillales P5D1-392 
Unid. = Unidentified
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Figure 7. Principle Coordinates Analysis biplot of Aitchison distances calculated from 16S 
sequences across milk, body sites, and pump equipment among the 52 women in MiLC. 
Taxa influential in clustering patterns are plotted. Aitchison distances were calculated using 
ASVs with ≥10 reads across the entire dataset (n = 5,222). R2 and p value obtained by 
PERMANOVA. 
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Figure 8. Distance to centroid using Aitchison distances group 
means compared using one-way ANOVA. Values reported as mean  
SEM. P values adjusted using False Discovery Rate (158) are shown for 
pairwise comparisons.  
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Linear mixed effects models revealed all measures of -diversity differed by site (Figure 

6B). Milk and infant oral cavities had the greatest number of observed ASV while pump tubing 

had the lowest. Milk was the most phylogenetically diverse. Women’s hands were the most 

diverse overall (as measured by Inverse Simpson Index; Figure 6B).  

PCoA revealed distinct but substantially overlapping clustering of sites (Figure 7). Taxa 

influential in clustering patterns were plotted. Clusters from collection kits, areolas, and pumps 

had substantial overlap and similar levels of dispersion (Figure 8), suggesting multiple shared 

taxa among these sites. Pairwise comparisons of PERMANOVA results supported with this 

finding (Supplementary Table 2). Still, ANOSIM analysis revealed. all pairwise comparisons to 

be significantly different (R-statistic=0.31; p < 0.001) even after FDR correction (all pairwise 

comparisons q ≤ 0.03). These data suggest that despite some shared taxa, the relative abundances 

of these taxa differed among sample groups, a finding that supported results of taxonomic 

classification (Table 7, Figure 6). Together, these data support our hypothesis that the 

microbiota in milk and across body sites and pump equipment are distinct, but some taxa are 

shared among groups that come into direct contact with one another. 

Hypothesis 1: Some bacteria from body sites and pump equipment would be present in 

milk collected with women’s own supplies. Results from SourceTracker2 (180) revealed that 

approximately 80% (mean  SD: 81.4  13.9%, range: 40-99.6%) of bacterial sequences in milk 

collected with women’s own supplies likely originated from the selected body sites and pump 

equipment. Areolas contributed 34  34% (range: 1.1-97%) of the total 16S sequences in milk 

collected from women’s own supplies. Collection kits contributed 34  35% (range: 0.03-98%) 

of the total 16S sequences in milk collected from women’s own supplies. The percent of 16S 

sequences in milk contributed by collection kits was inversely correlated with the percentage of 
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16S sequences in milk contributed by areolas (Pearson r = -0.76, p < 0.0001). Infants’ oral 

cavities accounted for 9  15.6% (range: 0-58%) of the total 16S sequences in milk collected 

from women’s own supplies. Mothers’ hands and pump tubing each contributed 2% (mother’s 

hands: 2%  5.3%, range: 0.01-36.9%; pump tubing: 2%  4.8%, range: 0-22.3%) of the total 

16S sequences in milk collected from women’s own supplies. 

Body sites and pump equipment likely contributed unique signatures of bacteria to milk 

(Figure 9, Table 8). Notably, collection kits were the primary source of Proteobacteria in milk 

with the top genera contributed by kits being Acinetobacter and Stenotrophomonas. Breasts were 

the predominant source of Firmicutes in milk with the top genera contributed being 

Staphylococcus and Streptococcus (Table 8). 

The percentage of 16S sequences contributed by body sites and pump equipment was 

significantly associated with practices used to clean milk collection kits (Figure 10). Kits that 

were sterilized at home contributed 10  17% (range: 0.08-56%) of the 16S sequences in milk 

collected with women’s own supplies. In contrast, kits that were washed by hand or rinsed 

contributed 42  35% (range: 0.03-98%) of the 16S sequences in milk collected with women’s 

own supplies; the association between cleaning practices and percentage of 16S sequences 

contributed by kits was statistically significant (p = 0.01). In contrast, kits that were sterilized at 

home contributed 29  35% (range: 0.01-97%) of the 16S sequences in milk collected with 

women’s own supplies. In contrast, kits that were washed by hand or rinsed contributed 48  

31% (range: 0.4-92%) % of the 16S sequences in milk collected with women’s own supplies; the 

association between cleaning practices and percentage of 16S sequences contributed by kits was 

statistically significant (p = 0.03). 

DESeq2 analyses revealed that practices used to clean milk collection kits were  
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Figure 9. Percentage of bacterial sequences by phyla in milk likely originating from body 
sites and pump equipment. The center bar chart represents relative abundances of bacteria in 
milk collected with women’s own pumps. Pie charts represent the proportion of bacteria in milk 
originating from body sites and pump equipment as estimated by SourceTracker2 (180). Data 
were rarified at 1,000 sequences. 
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Table 8. Top 5 Abundant genera likely contributed from body sites and pump equipment to milk collected with own supplies 

Infant oral cavity Collection kit Areola Mother’s hand Pump 

Genera % RA Genera % RA Genera % RA Genera % RA Genera % RA 

Streptococcus 70.8 Acinetobacter 30.5 Staphylococcus 60.7 Pseudomonas 29.0 Bacillus 25.7 
Lactobacilliales1 22.0 Stenotrohphomonas 13.3 Streptococcus 19.7 Staphylococcus 17.6 Acinetobacter 11.7 
Rothia 17.3 Staphylococcus 12.1 Propionibacterium 7.6 Streptococcus 9.2 Flavobacterium 10.7 
Actinomyces 16.0 Brevendimonus 9.2 Corynebacterium 1 2.3 Acinetobacter 8.2 Pseudomonas 9.1 
Gemella 5.9 Rhizobium 5.6 Gemella 1.7 Stenotrophomonas 6.4 Stenotrophomonas 5.2 

1Unidentified Lactobacilliales P5D1-392. Pump = Pump tubing, RA = relative abundance
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Figure 10. Associations between practices used to clean milk collection kits and likely 
origins of bacteria in milk collected with women’s own supplies. Pie charts represent the 
proportion of bacteria in milk likely originating from body sites and pump equipment as 
estimated by SourceTracker2 (180). Data were rarified at 1,000 sequences.  
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significantly associated with the relative abundance of several genera belonging to the phylum 

Proteobacteria (Table 9). For example, compared to milk collected with sterilized kits, milk 

collected with hand-washed or rinsed kits had significantly higher relative abundances of 

Sphinogomonas, Enterobacter, Stenotrophomonas, Rhizobium, Unidentified Enterobacteriaceae, 

and Acinetobacter. Additionally, compared to milk collected with sterile kits, milk collected with 

hand-washed or rinsed kits had significantly lower relative abundances of Propionibacterium 

and Bacillus (Table 9). Taken together, these results support our hypothesis that some bacteria 

from body sites and pump equipment would be present in milk collected with women’s own 

supplies, as well as our subhypothesis that acute “contamination” occurs during expression. 

Aim 2: To evaluate women’s behaviors and variation in bacteria cultured from 

milk. 

Hypothesis 2. Women’s own pump system type (open v. closed system), handwashing 

(no v. yes), and kit cleaning practice (hand-washed or rinsed v. sterilization of collection kits) 

would be associated with higher odds of milk being culture-positive for gram-negative bacteria 

and/or growing >104 CFU/mL total aerobic bacteria.  

Handwashing and pump type were not significantly associated with the odds of milk 

being culture-positive for gram-negative bacteria and/or growing >104 CFU/mL total aerobic 

bacteria (Table 5). 

Associations between cleaning practices and odds of milk being culture-positive for 

gram-negative bacteria and/or growing >104 CFU/mL total aerobic bacteria were first tested 

using cleaning practices as a 3-level variable: rinsed, washed, sterilized. However, estimates for 

milk collected with rinsed and washed collection kits were not different for these outcomes [>104 

CFU/mL total aerobic bacteria washed v. rinsed, adjusted OR (95% CI): 0.82 (0.25, 2.7); being 
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Table 9. Associations between practices used to clean milk collection kits and relative 
abundance of 20-most abundant genera in milk collected from the 52 participants of MiLC 

Hand-washed or rinsed 
(n = 39) 

 Sterilized at Home 
(n = 19) 

Genera 
Relative 

Abundance1 
 

Genera 
Relative 

Abundance1 
Staphylococcus 25 ± 4.1  Staphylococcus 32 ± 7.4 
Acinetobacter 17 ± 2.7  Streptococcus 20 ± 4.9 
Streptococcus 14 ± 2.3  Propionibacterium 8.3 ± 4.2 
Stenotrophomonas 7.1 ± 1.1  Bacillus 7.4 ± 4.6 
Rhizobium 4.3 ± 0.7  Rothia 6.1 ± 2.0 
Pseudomonas 3.2 ± 0.5  Acinetobacter 3.5 ± 2.1 
Brevundimonas 2.5 ± 0.4  Corynebacterium 1 2.7 ± 1.2 
Kocuria 2.5 ± 0.4  Gemella 2.2 ± 1.2 
Chryseobacterium  1.8 ± 0.3  Unid. Bacteria 2.0 ± 0.7 
Unid. Enterobacteriaceae 1.7 ± 0.3  Rhodanobacter 1.0 ± 0.4 
Serratia 1.7 ± 0.3  Pseudomonas 0.9 ± 0.6 
Enterobacter 1.5 ± 0.2  Limnohabitans 0.8 ± 0.8 
Rothia 1.3 ± 0.2  Enhydrobacter 0.8 ± 0.6 
Gemella 1.1 ± 0.2  Actinomyces 0.7 ± 0.4 

Unid. Bacteria 1.1 ± 0.2 
 Unid. Lactobacillales P5D1-

392 
0.7 ± 0.6 

Ochrobactrum 1.0 ± 0.2  Acidovorax 0.6 ± 0.4 
Enterococcus 0.9 ± 0.1  Curvibacter 0.6 ± 0.4 
Sphingobium 0.9 ± 0.1  Hydrogenophaga 0.5 ± 0.5 
Corynebacterium 1 0.9 ± 0.1  Brevundimonas 0.5 ± 0.1 
Propionibacterium 0.9 ± 0.1  Methylobacterium 0.4 ± 0.4 

Statistically significant differences in relative abundances of genera in milk collected hand-washed or 
rinsed kits versus sterilized kits2 

Lineage Genus Log2 fold change3 q 

Proteobacteria – Sphingomonoadaceae Sphingomonas 22 ± 3.4 < 0.0001 
Proteobacteria – Enterobacteriaceae Enterobacter 6.4 ± 2.2 0.02 
Proteobacteria – Xanthomonadaceae Stenotrophomonas 5.8 ± 1.3 0.0001 
Proteobacteria – Rhizobiaceae Rhizobium 5.3 ± 1.4 0.001 
Proteobacteria - Enterobacteriaceae Unid. Enterbacteriaceae 4.8 ± 1.8 0.009 
Proteobacteria – Moraxellaceae Acinetobacter 3.6 ± 1.2 0.003 
Proteobacteria – Pseudomonadaceae Pseudomonas 3.3 ± 1.3 0.01 
Actinobacteria – Propionibacteriaceae Proprionibacterium -5.5 ± 1.3 < 0.0001 
Firmicutes – Bacillaceae Bacillus -6.4 ± 1.9 0.0005 

1 Values reported as percent relative abundance (%) ± SEM. 

2 Differentially abundant genera in milk collected with own versus sterile supplies assessed using DESeq2 (159); 
sterilized kits served as the reference group. 

3 Values reported as log2 fold change ± SE 
Unid. = Unidentified 
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culture-positive for gram-negative bacteria, adjusted OR (95% CI): 1.1 (0.2, 6.1); both >104 

CFU/mL total aerobic bacteria and being culture-positive for gram-negative bacteria, adjusted 

OR (95% CI): 1.2 (0.2, 9.4)]. For these reasons, these two groups were collapsed into one. 

Consequently, all results for logistic models report a 2-level variable: washed or rinsed v. 

sterilized. Furthermore, we could not test our planned 2-way and 3-way interactions because 

these behaviors were not evenly distributed among participants. Two-way interactions were 

tested between cleaning practice and handwashing and between cleaning practice and pump type. 

A 3-way interaction was tested among cleaning practice, handwashing, and pump type. 

Cleaning practices were associated with degree of bacterial growth and any growth of 

gram-negative bacteria (Table 5). About half (51%) of the milk samples collected with washed 

or rinsed collection kits contained >104 CFU/mL of total aerobic bacteria compared to only 15% 

of milk samples collected with sterilized collection kits, resulting in a higher odds (OR 5.8, 95% 

CI 1.1, 30; p = 0.04) of milk containing >104 CFU/mL of total aerobic bacteria. This association 

remained significant after adjusting for handwashing and pump system type (OR 5.8, 95% CI 

1.0006, 33; p = 0.0499).  

Similarly, 59% of milk samples collected with washed or rinsed collection kits were 

culture-positive for gram-negative bacteria compared to only 23% of milk samples collected with 

sterilized collection kits, resulting in a higher odds (OR 4.9, 95% CI 1.1, 21; p = 0.03) of milk 

being culture-positive for being culture-positive for gram-negative bacterial growth (Table 5). 

This association remained significant after adjusting for handwashing and type of pump system 

(OR 4.6, 95% CI 1.02, 21; p = 0.046).  
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Discussion 

In this observational substudy of the Milk in Life Conditions (MiLC) trial, we provide 

evidence that selected body sites and pump equipment likely contribute a substantial portion of 

bacterial (16S) sequences in milk collected with women’s own supplies, and the total proportion 

contributed from each source is influenced by the way women’s milk collection kits are cleaned. 

To support these findings, we provided evidence from culture analyses that showed the practices 

used to clean milk collection kits were significantly associated with the types and quantities of 

bacteria living in freshly pumped milk, namely that sterilized kits were associated with lower 

odds of milk being culture-positive for gram-negative bacteria and growing >104 CFU/mL total 

aerobic bacteria. These findings help explain our previous experimental findings, reported in 

Chapter 2, that immediately after pumping, the bacterial load of milk pumped with women’s own 

supplies was several fold higher than milk pumped with sterile supplies. Collectively, our results 

presented here and in Chapter 2 support the concept that when women pump with their own 

supplies, bacteria are added to their milk, and the extent to which this happens is associated with 

how women’s own milk collection kits are cleaned. 

An objective of the current investigation was to identify the likely sources of the extra 

bacteria we found in milk collected in women’s own supplies among women who participated in 

the MiLC trial (Chapter 2). MiLC was a randomized crossover trial in which participants 

pumped their milk twice within 3.5 h, once with own supplies and once with sterile supplies. 

Milk collected with women’s own supplies contained several-fold more total aerobic and gram-

negative bacteria, and Streptococcus sp. in milk collected with own supplies compared to milk 

collected with sterile supplies, as well as and >7 times higher abundance Proteobacteria. In the 

current investigation, we used SourceTracker2 analysis to estimate the percentage of bacteria in 
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milk pumped with women’s own supplies that was likely contributed by sources external to the 

milk. We found the largest contributors of 16S sequences to milk were areolas and milk 

collection kits, each likely contributing roughly 34% of bacterial sequences in milk. However, 

because bacteria from areolas are present in milk collected aseptically with electric pumps, these 

bacteria are sometimes defined as part of the native human milk microbiome (115, 120, 121), 

particularly in studies aiming to capture the bacterial exposures infants receive while nursing. 

Thus, bacteria likely contributed by the areolas did not explain the extra bacteria in milk 

collected with women’s own supplies. For these reasons, we conclude that milk collection kits 

were likely the predominant contributors of extra bacteria in milk collected with women’s own 

compared to sterile supplies. Our findings are consistent with previous evidence (74) cited by 

others to emphasize the importance of cleaning milk collection kits (72, 73, 89, 93, 98, 161). 

Our results showed that more rigorous cleaning practices were associated with fewer 

living bacteria in milk, supporting the hypothesis that cleaner kits would result in fewer bacteria 

being transferred to milk. It is noteworthy, however, that bacteria on collection kits likely 

originate from multiple sources. For example, after a woman pumps, bacteria from her areolas 

and milk are likely present on her kit. Additional bacteria from women’s hands and the 

surrounding environment may be added to kits before and during cleaning (19). These bacteria, if 

not completely removed during washing, may be present on the kits the next time she pumps 

(83). Even so, our results support the assertion that, regardless of where extra bacteria in milk 

originated, they are being transferred to the milk via the collection kit during pumping. This 

finding has clinical relevance because it suggests the way kits are cleaned may influence the 

transfer of bacteria to milk during pumping, a conclusion supported by our results. 
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Our results provide support to the hypothesis that the number and types of bacteria 

transferred to milk during pumping are likely a function of women’s behaviors and practices, 

which vary greatly (6, 7, 13). Our findings suggest the most important of these is how milk 

collection kits are cleaned. Collection kits were the predominant contributors of Proteobacteria to 

milk. In addition, compared to milk collected with sterilized kits, milk collected with hand-

washed or -rinsed kits had several fold higher abundances of several genera of Proteobacteria, 

including Sphingomonas, Enterobacter, Stenotrophomonas, Rhizobium, Unidentified 

Enterobacteriaceae, Acinetobacter, and Pseudomonas. Similarly, culture analyses revealed, 

compared to milk collected with hand-washed or rinsed kits, milk collected with sterilized milk 

collection kits had nearly 5 times lower odds of being culture-positive for gram-negative 

bacteria. Importantly, all sterilization methods used by women in our study (boiling, washing in 

the dishwasher, and steam sterilization in reusable microwavable bags) appeared to be effective, 

though our sample size was too low to permit statistical testing to compare the effectiveness of 

each of these methods. 

Our results showed handwashing was not significantly associated with the degree of 

bacterial growth or presence of live gram-negative bacteria in milk. These findings contrast with 

previous evidence (72). For example, Carré and colleagues (72) reported about 1 in 5 milk 

samples collected from women who failed to wash their hands before pumping grew ≥106 

CFU/mL. In contrast, only 1 in 20 milk samples in our study collected from women who failed 

to wash their hands before pumping grew this level of bacteria. It is unclear why this discrepancy 

exists but may be a reflection of differences in locations of collection. 

Our results also showed that excessive bacterial growth or presence of live gram-negative 

bacteria in milk was not associated with whether women pumped with an open or closed system 
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pump. This is important because open system pumps contain nonreplaceable parts that are 

difficult to clean and pose a risk for bacterial contamination of milk during pumping (100). In 

contrast, closed system pumps sold for single users were designed, and are marketed, to 

minimize the risk for contamination by creating a barrier between the pump mechanism and milk 

collection kit. Our results do not support the assertion that the risk of bacterial contamination is 

lower with closed system pumps, though we did not have adequate power to systematically 

investigate this relationship accounting for related pumping practices. 

A major strength of this study was our unique multi-method approach to link women’s 

“real-life” behaviors to the bacterial content on body sites and pump equipment, and ultimately, 

to the bacterial content of women’s home-expressed milk. We swabbed body sites and pump 

equipment before women pumped, which strengthened our results by establishing causal order, 

though we acknowledge some bacterial taxa may be shared among sites that come into contact 

during pumping. Still, by swabbing these areas beforehand, we may have attenuated the effect by 

removing some of the bacteria. Nevertheless, we found strong associations between body sites, 

pump equipment, and the bacterial communities in milk. Another strength of this study was our 

combination of aerobic culturing and high-throughput 16S rRNA sequencing to assess the milk 

16S structure at varying levels of live bacterial contamination. Our results pave the way for 

future investigations to explore how the bacterial content of milk influences bacterial 

colonization patterns in the infant gastrointestinal tract. Another strength of this study was our 

collection of samples under “real-life” conditions—at home using women’s own supplies and 

own collection kits, cleaned using women’s usual practices. This approach provides an accurate 

representation of women’s at-home practices and how those practices influence the composition 

of their milk and fills a gap in the literature. Still, although we encouraged women to use their 
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usual practices, we cannot rule out the possibility that some women may have altered their “real-

life” practices when they participated in this study.  

Our study is limited in that we did not conduct aerobic culturing on swab samples, thus it 

is not possible to confirm whether the bacteria on these surfaces were alive. Nevertheless, our 

results suggest that at least some of the bacteria were alive because of the strong negative 

association between more rigorous cleaning practices (sterilized v. washed or rinsed collection 

kits) and live total aerobic and gram-negative bacterial growth in milk. Additional research is 

needed to know which external sources contribute the largest quantities of live bacteria as this 

may be predictive of colonization patterns in the infant gastrointestinal tract. Another limitation 

of this study is that we cannot infer causality or directionality using the methods presented in this 

manuscript alone. Even so, when paired with our experimental evidence reported in Chapter 2, 

our results support the concept that bacteria are added to milk during pumping. Finally, as with 

all marker gene (e.g., 16S rRNA) studies, we could not identify taxa to the species or strain 

levels, which minimizes our ability to differentiate between opportunistic and known pathogens. 

Further metagenomic studies are required to confirm and validate the results of this study. 

Conclusions 

In this observational substudy of the MiLC trial, we used a multi-method approach to link 

women’s real-life practices to the bacterial composition on body sites and pump equipment, and 

ultimately, to the bacterial composition of their home-expressed milk. Together with results 

reported in Chapter 2, we conclude that when women pump with their own supplies, bacteria are 

added to their milk, and the extent to which this happens is associated with how women’s own 

milk collection kits are cleaned. Sterilization of kits at home is associated with fewer 

Proteobacteria and living total aerobic and gram-negative bacteria in milk.   
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Abstract 

Background: Bacteria on milk collection kits may be transferred to human milk during 

pumping. How these bacteria respond to home refrigeration and freezing compared to bacteria 

native to human milk is unknown. 

 

Objective: To determine the individual and combined effects of home refrigeration and freezing 

on the bacterial composition of milk collected with women’s own supplies and sterile supplies. 

 

Design: We conducted 2 factorial experiments for home refrigeration and freezing, respectively. 

Participants (n = 52) expressed the same breast twice in 3.5 h, once with their own pumps and 

collection kits and once with a multiuser pump and sterile collection kits. The pump setup used 

first was randomized. Milk samples were separated into sterile containers and stored in home 

refrigerators for 2 or 4 d, or home freezers for up to 30 d with or without refrigeration for the 

first 4 d. Fresh milk served as the reference. Bacterial composition was assessed via aerobic 

culturing and 16S rRNA sequencing. 

 

Results: Milk pumped with women’s own supplies contained several-fold more total aerobic 

bacteria, Streptococcus sp., and gram-negative bacteria than milk collected with sterile supplies. 

We found significant interactions between pump setup and home refrigeration and freezing on 

total aerobic bacterial counts in milk. These interactions were explained by our findings that 

some types of bacteria survived refrigeration and freezing better than others. For example, gram-

negative bacteria and Streptococcus sp. survived home refrigeration and freezing better than 

Staphylococcus sp., which were the predominant type of bacteria cultured in milk collected with 



 

91 

sterile supplies. 16S rRNA analyses revealed bacterial composition and diversity in milk were 

generally unaffected by refrigeration or subsequent freezing. 

 

Conclusions: Bacteria in milk collected with women’s own supplies survived home refrigeration 

and freezing better than milk collected with sterile supplies. This suggests bacteria derived from 

women’s own milk collection kits survived home refrigeration and freezing better than native 

human milk bacteria.  



 

92 

Introduction 

Feeding pumped human milk is recommended when feeding at the breast is unavailable 

(31, 75). By the time it is fed, pumped milk has contacted pump flanges, valves, pump bottles, 

and storage containers (7). Each surface contacted provides an opportunity for bacteria to be 

transferred to the milk. Next, pumped milk is often stored in home refrigerators and freezers for 

varying lengths of time (7). These different storage conditions can influence the types, quantities, 

and viability of bacteria in milk (73, 75, 182), factors that may influence their effects on the 

recipient infant (183, 184). Evidence-based guidelines are essential to inform mothers and other 

caregivers about how to handle and store pumped milk in ways that reduce bacterial transfer to 

milk and preserve bacterial viability.  

To assist mothers and other caregivers, the Academy of Breastfeeding Medicine have 

published guidelines for handling and storing pumped milk at home (75). However, these 

guidelines are based largely on milk studied in research or clinical settings, not at home. This is 

important because the methods used to collect and store milk for research or clinical use can 

differ dramatically from those used to collect and store milk for use at home. For example, most 

milk collected for research or clinical use is done using standardized protocols and often by the 

same individual (19, 93, 94, 161). Then, milk is stored under controlled conditions at a single 

temperature (53, 54, 185). In contrast, methods used to collect milk collected at home for infant 

consumption are done differently by every woman. Specifically, women use unique 

combinations of practices that differ with respect to personal and pump equipment hygiene (19, 

74, 94) (Chapter 3). Then, pumped milk may be stored at multiple temperatures before being fed 

(7). Moreover, pumped milk is often stored in home refrigerators and freezers (7, 13, 94), which 

may not maintain the milk at recommended temperatures (186). Differences among methods 
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used to collect milk for research or clinical use and women’s real-life practices limits the 

generalizability of existing evidence.  

Based on evidence presented in Chapters 2 and 3, one of the hallmarks of milk collected 

with women’s own supplies compared to more aseptic collection (“sterile” supplies) is a 

significantly large amounts of bacteria are transferred to milk during pumping; these bacteria are 

most likely coming from milk collection kits (Chapters 2-3 (57, 89, 93, 161)). However, it is 

unclear whether these bacteria derived from collection kits respond to refrigeration and freezing 

differently than “native” milk bacteria (bacteria in milk collected with a multiuser pump and 

new, sterile collection kits). Thus, we aimed to determine the individual and combined effects of 

home refrigeration and freezing on the bacterial composition of milk collected with women’s 

own supplies and sterile supplies. To achieve this aim, we assigned milk samples collected with 

women’s own and sterile supplies to different durations of refrigeration and/or freezing. Our 

objective was to test the individual and combined effects of home refrigeration and freezing on 

the bacterial composition of milk collected with women’s own and sterile supplies.  

These experiments were conducted as part of Milk in Life Conditions (MiLC), an in-

home, randomized, controlled crossover trial of 2 breast pump setups: women’s own pumps and 

own collection kits (“own supplies”) and a multiuser pump with new, sterile collection kits 

(“sterile supplies”). In Chapter 2, we reported the effects of pump setup on the bacterial 

composition of milk immediately after expression. Here, we report the additional effects of home 

refrigeration and freezing on the bacterial content of human milk pumped and stored at home. 

Methods 

The detailed methods of MiLC are reported in Chapter 2. Briefly, the experimental 

intervention was an in-home randomized, controlled, crossover trial comparing the effect of 
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expressing milk using women’s own pumps and own milk collection kits (“own supplies”) 

versus using a multiuser pump (Medela Symphony®) and sterile milk collection kits (“sterile 

supplies”) on the bacterial composition of milk.  

The pump setup used first was randomized. Randomization was stratified by infant diet 

(human milk only v. human milk and solids). Infant diet was considered a potential confounding 

factor because infant diet is associated with the oral microbiome (187), which, in turn, is thought 

to shape the human milk microbiome through retrograde inoculation (162, 188, 189). Women 

were randomized to their treatment groups on the day of participation.  

The milk microbiome was characterized via high-throughput sequencing of the 16S 

rRNA gene amplified from DNA extracted from milk and by selective aerobic culturing 

methods. Sample collection was conducted in participants’ homes in the Ithaca, NY and 

surrounding areas, with all milk samples collected between June and October 2017. Trial results 

are based on paired samples collected from 52 women immediately after expression (n = 104 

milk samples). The trial conforms to the Consolidated Standards of Reporting Trials 

recommendations for the design, analysis, and reporting of nonpharmacologic randomized trials 

(190). Participants provided written informed consent according to the study protocol approved 

by the Cornell University Institutional Review Board. This trial is registered with 

ClinicalTrials.gov under study ID NCT03123874. 

In Chapter 2 we reported data for milk samples collected with each pump setup and 

processed within 2 h after expression. Here, we use these same data as the reference group for 

each pump supply group, respectively.  
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Storage Intervention 

Milk collected from each set of pump supplies (own and sterile supplies) was divided 

equally into 5 sterile containers and sealed in biological sample collection bags, 4 of which were 

subsequently stored in the participants’ home refrigerators and/or freezers. One container was 

taken back to the lab on ice and processed within 2 h after expression (fresh). One container was 

placed in the participants’ freezer immediately and left there for 30 d (fresh-frozen). Two 

containers were placed in the participants’ home refrigerator for 2 and 4 d, respectively 

(refrigerated for 2 d; refrigerated for 4 d). Finally, one container was placed in the home 

refrigerator for 4 d then transferred to the freezer for 26 d (refrigerated-frozen) (Figure 11). 

We aimed to investigate the effects of women’s typical real-life practices on the bacterial 

composition of their milk. For this reason, women were not given instructions about where to 

place samples inside home refrigerators or freezers. In cases where women had more than one 

refrigerator and/or freezer, women were encouraged to use the one they “normally would.” To 

ensure milk collected with both pump setups were stored under the same conditions, women 

were instructed to store paired milk samples together. For example, if women’s fresh-frozen 

sample collected with her own supplies was placed in the freezer door, then she was instructed to 

place the fresh-frozen sample collected with the sterile supplies in the same location. After the 

second woman to participate in the study did not adhere to the protocol, it was deemed necessary 

for the study director (SMR) to observe the rest of the participants place their milk samples in 

refrigerators and freezers to ensure compliance. Thereafter, all women were fully compliant with 

the study protocol. 

The participant who did not adhere to protocol left samples intended for refrigeration and 

freezing on the counter for 48 h. When the study director arrived at the participant’s home to  
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Figure 11. Milk collection protocol. Milk collected from each pump setup (own 
and sterile supplies) resulted in 5 containers each, or 10 containers per woman. 
Paired own and sterile containers were stored together in participants’ home 
refrigerators and/or freezers. All samples were aerobically cultured. Samples denoted 
with asterisk (*) were analyzed using high-throughput sequencing of the 16S rRNA 
bacterial gene amplified from DNA extracted from the milk.  
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collect milk and discovered this, the samples were deemed unusable and were discarded. As a 

result, we excluded this participant from analyses presented in this manuscript. 

All samples were collected from the mothers by the study director and transported back 

to the laboratory on ice. Immediately upon return to the laboratory, milk samples were aliquoted 

for culture and 16S experiments. The aliquot used for aerobic culturing was processed 

immediately. When necessary, frozen samples were thawed gently at 37 ºC until ice crystals 

were no longer visible. The aliquot used for 16S analyses was frozen at -20 °C. After all milk 

samples were collected, 16S aliquots were shipped together on dry ice to the University of Idaho 

where they arrived approximately 24 h later. Samples arrived still frozen and were immediately 

transferred to a -20 ºC freezer until they were processed. All 16S aliquots were processed 

between 2 wk and 3 mo after expression. 

Study Outcomes. The primary trial outcome was the bacterial composition of milk 

defined as bacterial counts (total live aerobic bacteria, gram-negative bacteria, Staphylococcus 

sp., and Streptococcus sp.). For a subset of samples, bacterial composition was also defined as 

bacterial richness (the total number of different bacterial taxa detected in the sample, in our case 

observed amplicon sequence variants [ASV]), alpha (α) diversity (Shannon diversity index, 

Faith’s phylogenetic diversity index, and inverse Simpson index), beta (β) diversity (Jaccard 

similarity index, Bray-Curtis dissimilarity, UniFrac, and weighted UniFrac), and composition of 

taxa (relative abundances of 16S rRNA sequences).  

Bacterial Analyses 

All milk samples were aerobically cultured for total aerobic bacteria, gram-negative 

bacteria, Staphylococcus sp., and Streptococcus sp. as previously described in Chapter 2. For a 

culture-independent assessment of the milk microbiome the V1-V3 regions of 16S rRNA genes 
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(16S) were amplified from DNA extracted from a subset of samples (fresh, refrigerated for 4 d, 

and refrigerated-frozen), sequenced, and analyzed as previously described in Chapter 2.  

Bioinformatics 

Amplicon sequence reads were demultiplexed and preprocessed using standard 

procedures with quality control as previously described in Chapter 2. Amplicon sequence 

variants (ASVs) were identified using the DADA2 plug-in (139) for Quantitative Insights Into 

Microbial Ecology 2 (QIIME2; v. 2018.2) (140), and taxonomically classified using the SILVA 

16S rRNA reference database (v. 128) (191) as described in Chapter 2. Only samples with 

>1,000 sequence reads were analyzed. 

Covariates 

All covariates were treated as categorical variables in statistical analyses. Covariates were 

constructed based on data gathered from a questionnaire administered orally during pumping 

sessions. In addition to these covariates, the study director recorded women’s self-reported 

sociodemographic characteristics, usual and most recent pumping and storage practices, and 

infant feeding behaviors. 

Storage variables. Storage variables were created according to the temperature and 

duration of at-home storage (Figure 11). Ever refrigerated (yes/no) refers to all milk samples 

stored in the refrigerator (refrigerated for 2 or 4 d). Ever frozen (yes/no) refers to all milk 

samples stored in the freezer (refrigerated-frozen and fresh-frozen combined). Ever stored 

(yes/no) refers to milk stored in the refrigerator for 4 days and refrigerated-frozen milk 

(refrigerated for 4 d and refrigerated-frozen); this variable was used exclusively for 16S rRNA 

analyses, to which fresh milk (within 2 h of expression) is compared. 
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Infant diet. Infants were categorized based on diet to create a 2-level categorical variable 

infant diet (human milk only/ human milk and solids). Human milk only refers to infants fed only 

human milk. Human milk and solids refers to infants fed human milk and solids (e.g., 

complementary foods). 

Pump setup. We created a 2-level categorical variable to account for pump setup used to 

collect milk (own/sterile supplies). 

Randomized assignment. We created a 2-level categorical variable to account for 

randomized assignment (own/sterile supplies used first). 

Calculation of Diversity Indices 

Alpha (α) diversity indices (observed ASVs, Pielou’s evenness, Shannon index, inverse 

Simpson, and Faith’s Phylogenetic Diversity Index) were estimated using QIIME2 v.2018.2 

(140) and the vegan package 2.5-4 for R (160). Observed ASVs measures the number of unique 

16S amplicons; this is often referred to as richness (143). Pielou’s evenness index reports on how 

similar are the relative abundances of species in a sample (e.g., evenness is high if all species 

have the same relative abundance and vice versa) (143, 144). Shannon Index is a diversity metric 

which takes into account both richness and evenness, although it is more sensitive to richness 

(145). Inverse Simpson index accounts for the probability that two randomly drawn individuals 

from the same sample belong to different species, or in our case ASVs (172). Faith’s 

Phylogenetic Diversity Index measures the relatedness of bacteria by summing the phylogenetic 

distance (e.g., lengths of branch of the phylogenetic tree) that separate individual species in the 

population (146). Beta (β) diversity was assessed using the Jaccard similarity index (147, 148), 

Bray-Curtis dissimilarity index (149, 150), UniFrac (151), and weighted UniFrac (151) distances 

to measure the fraction of shared species (in our case, ASVs), overabundance in the fraction of 
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shared ASVs, and phylogenetic relatedness without and with being weighted for relative 

abundance, respectively. 

For diversity estimates, data were rarefied because they are correlated with sequencing 

depth (number of sequences per sample) (152). However, sequencing depth often differs for 

technical rather than biological reasons (153). Rarefaction plots were used to determine the 

appropriate sampling depth. 

Statistical Analyses 

As described above, we excluded one woman from the study. Thus, we conducted a 

modified intention-to-treat analysis (192). Statistical analyses were based on our overall aim to 

determine the individual and combined effects of home refrigeration and freezing on the 

bacterial composition of milk collected with women’s own supplies and sterile supplies. To 

achieve this aim, we tested two primary hypotheses, one for each factorial experiment. Several 

subhypotheses for each that were tested simultaneously. 

Hypothesis 1. We hypothesized the bacterial composition of human milk would differ 

significantly by pump setup, refrigeration, and the interaction of these 2 factors (Figure 12). We 

tested the independent effects of pump setup and refrigeration and their interaction on bacterial 

counts using linear mixed effects models (Figure 12). Both factors were treated as 2-level 

categorical variables; pump setup (own/sterile supplies) and ever refrigerated (yes/no). Separate 

models were conducted for each type of bacteria cultured—total aerobic bacteria, gram-negative 

bacteria, Staphylococcus sp., and Streptococcus sp. Given bacterial count data were skewed and 

some samples did not exhibited bacterial growth (e.g., 0 CFU/mL), we applied a log(x+1) 

transformation (156). Logged bacterial counts served as the response variable and were treated as 

a continuous variable. All models had random effects of participant ID and pump setup nested 
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Figure 12. A priori hypotheses and pre-planned comparisons related to the effects of 
different durations and temperatures of cold storage on the bacterial composition of 
pumped milk collected with women’s own and sterile pump supplies. Panel A shows how 
milk samples were categorized. Panel B details a priori hypotheses and pre-planned comparisons 
for bacterial counts and 16S analyses. Own = own supplies; Sterile = sterile supplies; FF = fresh-
frozen; RF = refrigerated-frozen (see Figure 10). 
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within participant ID to account for multiple samples contributed by each participant and pump 

supplies. Additionally, all models were adjusted for variables relevant to our study design, 

namely randomized assignment and the stratification factor, infant diet. Fixed effects were 

estimated with ANOVA using the Satterthwaite method (174). Analyses were conducted in R 

(3.5.3) (173) with statistical significance set at p ≤ 0.05. 

We also had a subhypothesis for Hypothesis 1 that milk refrigerated at home for 4 d has 

significantly lower counts of bacteria than milk refrigerated at home for 2 d (Figure 12). This 

hypothesis was tested using the emmeans package 1.3.3 for R. 

Hypothesis 2. We hypothesized the bacterial composition of human milk would differ 

significantly by pump setup, freezing, and the interaction of these 2 factors (Figure 12). We 

tested the independent effects of pump setup and freezing and their interaction on bacterial 

counts using linear mixed effects models. Both factors were treated as 2-level categorical 

variables; pump setup (own/sterile supplies) and ever frozen (yes/no). The model had the same 

random effects and was adjusted as described in Hypothesis 1. We also had a subhypothesis for 

Hypothesis 2 that milk frozen immediately after expression would have significantly more 

bacterial counts than milk refrigerated for 4 d before freezing. This hypothesis was tested using 

the emmeans package 1.3.3 for R. 

Complementary analyses: Culture-independent (16S) assessment of the milk 

microbiome composition and diversity. 16S assessment of the milk microbiome was conducted 

on only a subset of samples (Figure 11). The objective of these complementary analyses was to 

test the effects of 4 d of refrigeration and subsequent freezing for 26 d on milk bacterial 

composition and diversity (Figure 12). Where possible, we analyzed data using the full factorial 

design of the study. Otherwise, data were analyzed separately by pump setup. For example, α 
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diversity, β diversity, and distance to centroids (see below for details) tests were conducted using 

the full factorial design and linear mixed effects models. However, analysis of changes in 

relative abundances of bacterial taxa were conducted separately by pump setup. These methods 

are described in more detail below. 

To test the effect of temperature and storage duration on α and β diversity metrics, we 

conducted linear mixed effects models. Separate models were conducted for each diversity 

metric—observed ASVs, Pielou’s evenness, Shannon index, Inverse Simpson index, Faith’s 

phylogenetic diversity index, and weighted UniFrac distances. Some response variables were 

log-transformed, namely Faith’s phylogenetic diversity index, Pielou’s evenness, and observed 

ASVs. All response variables were treated as continuous variables. We tested the independent 

effects of pump setup and storage condition (Ever Stored) as well as their interaction on diversity 

metrics (Figure 12). The models had the same random effects and were adjusted as described in 

Hypothesis 1. Then, we tested the effect of 4 d of refrigeration versus an additional 26 d of 

freezing by using the emmeans package 1.3.3 for R. 

We visualized β diversity with Principal Coordinates Analysis (PCoA) using weighted 

UniFrac distances (151). To test whether spatial separation among groups in the PCoA was 

statistically significant, we performed a permutational multivariate analysis of variance 

(PERMANOVA) using the vegan package 2.5-4 for R (160). Given that PERMANOVA is a 

fixed effects model, we adjusted for as many covariates as possible, namely infant diet and 

randomization assignment. Main effects tested were pump setup, storage condition, and their 

interaction. Posttest comparisons were conducted using the pairwise Adonis package 0.0.1 for R. 

The car package 3.0-2 for R was used to generate the ellipses and centroids, with the ellipses 

predicting the space in which 95% of new observations would occur. Dispersion was estimated 
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using the dist_to_centroid function in the usedist package 0.1.0 for R. We used linear mixed 

effects models to test whether distances to centroids differed by pump setup or storage condition. 

The model had the same random effects and was adjusted as described in Hypothesis 1. 

To test the effect of refrigeration for 4 days and/or an additional 26 days of freezing on 

16S composition, we conducted multiple analyses. First, taxonomic classification was manually 

curated to identify the last known lineage and ASVs were collapsed at the genus level. Then, 

data were rarified at 4,721 reads/sample. Taxa with >1% relative abundance across all samples 

were plotted as a heatmap. Heatmap.2 function of the gplot package 3.0.1.1 for R was used to 

create a heatmap and dendrogram (with average linkage clustering) of the most abundant taxa 

(>1% relative abundance). For each genus, z scores were calculated for each pump setup/storage 

condition combination to reflect the number of standard deviations from the population mean 

(zero). Dendrograms showed the relatedness of samples and co-occurrence of bacterial genera.  

Second, we identified differentially abundant genera between storage conditions using 

DESeq2 1.22.2 (159) for R. This was done separately for each pump setup group. DESeq2 

normalizes data (accounts for the uneven number of sequences in each sample) by calculating the 

geometric mean for each genus across all samples; the counts for each genus in each sample 

were divided by this mean. Within-group variance and dispersion were estimated using 

shrinkage estimation (159), a technique that uses maximum likelihood estimation to estimate 

parameters representing group differences from all ASVs and move these values toward a middle 

value, determined by an algorithm. Sparse ASVs are moved further toward the middle than more 

abundant ASVs. DESeq2 fits a negative binomial generalized linear model for each genus and 

uses the Wald test for significance testing. To improve statistical power, DESeq2 removes low 

abundant genera whose mean of normalized counts are below an internally optimized threshold. 
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Third, to investigate whether specific ASVs bloomed or died during storage, we 

identified ASVs absent in freshly expressed milk but present after storage and vice versa. Given 

the sparse nature of the data, statistical analyses were not performed but fold change over time 

was estimated using an arbitrary detection limit of 3 reads. 

Results 

Description of participants and home storage conditions. We studied 51 of the 52 

participants of the MiLC trial. Data for one woman were excluded due to inadequate compliance 

to the protocol as described earlier. The included women were, on average, 34 y old and 6.5 mo 

postpartum; most had had vaginal deliveries; and most were ineligible for the Supplementary 

Nutrition Program for Women, Infants, and Children (Table 10). Additionally, about half of the 

MiLC participants’ infants were female, and half had not been introduced to solids. 

Most participants (n/N = 44/51) froze their milk refrigerator/freezers, equipped with auto-

defrost; the other 8 women froze their milk in chest freezers without auto-defrost. One woman’s 

freezer lost power for about 24 hours during the study period. Her samples were included in 

analyses. 

Description of analytical sample and sequencing summary. From the 51 included 

women, we obtained 102 milk samples that we aliquoted into a total of 510 containers for culture 

analyses. Each woman contributed 10 samples, 5 from each pump setup. Of these, 305 were 

sequenced for 16S analyses. Exclusion of two samples with < 1,000 16S sequences resulted in 

16S sequence data from a total of 303 milk samples, yielding a total of 2,417 ASVs from 

7,274,908 sequences with a range of 1,122-107,485 sequences/ milk sample (median = 20,965; 

IQR = 17,426; Supplementary Figure 5).  
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Table 10. Characteristics of participants overall and by randomized assignment  

  Pump setup used first 

Characteristics 
All participants  

(n = 51) 
Own supplies 

(n = 25) 
Sterile supplies 

(n = 26) 

Mothers’ age, y 34 ± 4.01 34 ± 4.01 34 ± 4.11 
Infants’ age, mo 6.5 ± 4.21 5.7 ± 3.51 7.3 ± 4.71 
GWG, kg 16 ± 5.51 17.0 ± 6.01 15.0 ± 4.81 
Cesarean delivery, % 24 20 27 
WIC eligible, % 182 133 243 
Race, % non-white 14 12 16 
Sex of infant, % female 514 425 596 
Infant diet, % HM only 51 52 50 

1 Values reported as Mean ± SD 
2 n = 49 
3 n = 24 
4 n = 53 children total (two sets of twins) 
5 n = 26 children total 
6 n = 27 children total 

GWG = gestational weight gain, WIC = The Supplemental Nutrition Program for Women, Infants, and Children, 
HM = human milk 
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Aim 1: To determine the individual and combined effects of home refrigeration on 

the bacterial composition of milk collected with women’s own supplies and sterile supplies.  

Hypothesis 1: The bacterial composition of human milk will differ significantly by 

pump setup, refrigeration, and the interaction of these 2 factors (Figure 10). 

Effect of pump setup on fresh milk. The effect of pump setup on the bacterial composition 

of fresh milk for the 52 participants of MiLC are reported in Chapter 2. For the 51 women 

included in the present analyses, pumping with own supplies resulted in significantly more 

counts of total aerobic bacteria, gram-negative bacteria, and Streptococcus sp. in fresh milk than 

pumping with sterile supplies (p ≤ 0.01) (Figure 13). On average, fresh milk collected with 

women’s own supplies contained 7.3 x 103 ± 3.0 x 103 CFU/mL (mean ± SEM) total aerobic 

bacteria whereas fresh milk collected from sterile supplies contained 1.6 x 103 ± 6.6 x 102 

CFU/mL (response ratio: 4.5 ± 2.3, p = 0.005). Similar results were reported for counts of gram-

negative bacteria and Streptococcus sp. For gram-negative bacteria, fresh milk collected with 

women’s own supplies contained, on average 100 ± 55 CFU/mL whereas fresh milk collected 

with sterile supplies contained, on average 1.4 ± 0.8 CFU/mL (response ratio: 71 ± 54, p < 

0.0001). For Streptococcus sp., fresh milk collected with women’s own supplies contained, on 

average 1.3 x 103 ± 5.1 x 102 CFU/mL whereas fresh milk collected with sterile supplies 

contained, on average 4.6 x 102 ± 1.8 x 102 CFU/mL (response ratio: 2.9 ± 1.2, p = 0.01). Counts 

of Staphylococcus sp. did not differ significantly between fresh milk samples collected with own 

supplies (2.1 x 103 ± 7.3 x 102 CFU/mL) compared to sterile supplies (1.1 x 103 ± 4.0 x 102 

CFU/mL; response ratio own v. sterile supplies: 1.8 ± 0.6, p = 0.1). 

Ever refrigerated versus fresh milk. For total aerobic bacteria, the interaction between the 

effects of ever having been refrigerated in a home refrigerator for 2 or 4 d (ever refrigerated) and 
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Figure 13. Effects of different durations and temperatures of cold storage on 
bacterial viability in milk collected with sterile and own supplies from 51 
participants of MiLC. Bars represent log2 CFU/mL (bottom axis) calculated from 
geometric means, which are denoted as dots (top axis). Error bars represent standard 
errors. Pink bars and black diamonds correspond to milk collected with women’s own 
supplies. Gray bars and orange diamonds correspond to milk collected with sterile 
supplies. CFU = colony-forming units.  
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pump setup was statistically significant (p = 0.03) (Table 11). Among fresh milk collected with 

own supplies 46% (3.4 x 103 ± 1.4 x 103 CFU/mL of 7.3 x 103 ± 3.0 x 103 CFU/mL; p < 0.0001) 

of total aerobic bacteria survived refrigeration (ever refrigerated). In contrast, among fresh milk 

collected with sterile supplies, only 24% (3.9 x 102 ± 1.6 x 102 CFU/mL of 1.6 x 103 ± 6.6 x 102 

CFU/mL; p < 0.0001) of total aerobic bacteria survived refrigeration (ever refrigerated; Figure 

13). Thus, we conclude the number of total aerobic bacteria that survived home refrigeration 

depended on the type of pump supplies used for collection. 

The significant interaction between pump setup and refrigeration on total aerobic 

bacterial counts was explained by the initial bacterial composition of milk (Table 11). For 

example, milk collected with own supplies contained 71 ± 54 times more gram-negative bacteria 

(p < 0.0001) and 2.9 ± 1.2 times more Streptococcus sp. (p = 0.01) than milk collected with 

sterile supplies. These bacteria were relatively robust to refrigeration; on average, 92% (11 ± 4.5 

CFU/mL of 12 ± 4.8 CFU/mL) of gram-negative and, on average, 64% (4.5 x 102 ± 1.4 x 102 

CFU/mL of 7.9 x 102 ± 3.4 x 102 CFU/mL) of Streptococcus sp. bacterial counts survived 

refrigeration (Figure 13, Table 11). In contrast, Staphylococcus sp. was the predominant type of 

bacteria cultured in milk collected with sterile supplies (Figure 13). Only about 29% (4.3 x 102 ± 

1.3 x 102 CFU/mL of 1.5 x 103 ± 4.7 x 102 CFU/mL) of Staphylococcus sp. survived 

refrigeration. For these reasons, we conclude that the effect of ever refrigerated depended on the 

amounts and types of bacteria in milk before storage. 

Extended refrigeration. For both pump setups, significantly fewer total aerobic bacteria 

survived 4 d compared to 2 d of refrigeration (p ≤ 0.0001) (Table 11). Among milk collected 

with own supplies, 66% (4.8 x 103 CFU/mL of 7.3 x 103 CFU/mL) of total aerobic bacteria 

survived 2 d of refrigeration but only 26% (1.9 x 103 CFU/mL of 7.3 x 103 CFU/mL) of these 
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Table 11. Effect of pump setup and storage condition on bacterial viability in milk collected with sterile and own supplies from 
51 participants of MiLC  

 Total Aerobic Bacteria Staphylococcus sp. Streptococcus sp. Gram-Negative Bacteria 

Storage condition1 

F or 
Response 

Ratio ± SE P  

F or 
Response 

Ratio ± SE P  

F or 
Response 

Ratio ± SE P  

F or 
Response 

Ratio ± SE P 
Ever refrigerated†           

Refrigeration2 – –  88 < 0.0001  14 < 0.0001  0.3 0.8 
Pump setup3 – –  3.7 0.06  10 0.0003  33 < 0.0001
Refrigeration x pump setup 3.6 0.03  0.9 0.40  1.3 0.3  0.3 0.7 

Refrigerated 2 v. 4 days‡           
Own4 0.4 ± 0.1 0.0001  – –  – –  – – 
Sterile4 0.3 ± 0.1 < 0.0001  – –  – –  – – 
Overall – –  0.2 ± 0.04 < 0.0001  0.4 ± 0.1 0.0001  0.9 ± 0.1 0.6 

Ever frozen†            
Freezing5 – –  200 < 0.0001  61 < 0.0001  – – 
Pump setup3 – –  6.4 0.01  8.7 0.01  – – 
Refrigeration x pump setup 6.9 0.001  1.0 0.4  0.4 0.7  3.7 0.03 

Fresh-frozen v. refrigerated-frozen‡          
Own4 0.06 ± 0.02 < 0.0001  – –  – –  1.1 ± 0.3 0.8 
Sterile4 0.02 ± 0.01 < 0.0001  – –  – –  0.7 ± 0.2 0.1 
Overall – –  0.02 ± .01 < 0.0001  0.1 ± 0.2 < 0.0001  – – 

1 Storage conditions were tested with linear mixed effects models (†) or pre-specified post hoc comparisons (‡). Linear mixed effects models were adjusted for 
infant diet and randomized assignment; participant ID and pump setup nested within participant ID served as random effects. 

2 Fresh versus ever refrigerated; fresh served as the reference. 

3 Women’s own versus sterile supplies; sterile served as the reference. 

4 Only done when storage condition x pump setup was significant in linear mixed effects models. 

5 Fresh versus ever frozen; fresh served as the reference. 

Own = women’s own supplies; Sterile = sterile supplies 
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bacteria survived 4 d of refrigeration (Figure 13). The difference in total aerobic bacterial counts 

between 2 and 4 d of refrigeration was statistically significant (t ratio = -3.98; p = 0.0001). 

Among milk samples collected with sterile supplies, 36% (5.9 x 102 CFU/mL of 1.6 x 103 

CFU/mL) of total aerobic bacteria survived 2 d of refrigeration but only 11% (1.8 x 102 of 1.6 x 

103 CFU/mL) of these bacteria survived 4 d of refrigeration. The difference in total aerobic 

bacterial counts between 2 and 4 d of refrigeration was statistically significant (t ratio = -5.09; p 

< 0.0001). 

For all other types of bacteria cultured namely, Staphylococcus sp., Streptococcus sp., 

and gram-negative bacteria, in pumped milk, the effects of extended refrigeration (4 versus 2 d) 

were similar for both pump setups (Table 11); thus, results for these storage conditions are 

reported as averages of milk collected from both pump setups. For Staphylococcus sp., fewer 

than half (7.1 x 102 CFU/mL of 1.5 x 103 CFU/mL) of these bacteria survived refrigeration for 2 

d; significantly fewer (1.5 x 102 CFU/mL) survived refrigeration for 4 d (t ratio refrigeration for 

2 versus 4 d = -8.7; p < 0.0001). For Streptococcus sp., most of these bacteria survived 

refrigeration for 2 d (6.3 x 102 CFU/mL of 7.9 x 102 CFU/mL); significantly fewer (2.5 x 102 

CFU/mL) survived refrigeration for 4 d (t ratio refrigeration for 2 versus 4 d = -4.0; p = 0.0001). 

For gram-negative bacteria, nearly all survived refrigeration for 2 d (11 CFU/mL of 12 CFU/mL) 

and refrigeration for 4 d (11 CFU/mL); the difference between 2 and 4 d of refrigeration was not 

significant (t ratio = -0.5; p = 0.6). Given Streptococcus sp. and Staphylococcus sp. are gram-

positive bacteria, we conclude gram-negative bacteria are generally more robust to storage than 

gram-positive bacteria. 

Aim 2: To determine the individual and combined effects of home freezing on the 

bacterial composition of milk collected with women’s own supplies and sterile supplies used 
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for research. 

Hypothesis 2: The bacterial composition of human milk will differ significantly by 

pump setup, freezing, and the interaction of these 2 factors (Figure 10). 

Ever frozen versus fresh milk. For total aerobic bacteria, the interaction between the 

effects of ever having been frozen in a home freezer (ever frozen) and pump setup was 

statistically significant (p = 0.001) (Table 11). Among fresh milk collected with own supplies, 

32% (2.3 x 103 ± 9.7 x 102 CFU/mL of 7.3 x 103 ± 3.0 x 103 CFU/mL) of total aerobic bacteria 

survived freezing (ever frozen). In contrast, among fresh milk collected with sterile supplies, 

17% (2.8 x 102 of 1.6 x 103 ± 6.6 x 102 CFU/mL) of total aerobic bacteria these survived freezing 

(ever frozen; Figure 13). Thus, we conclude the number of total aerobic bacteria that survived 

home freezing depended on pump setup. 

The significant interaction between ever frozen and pump setup was explained by the 

initial bacterial composition of milk, mirroring the interaction found between ever refrigerated 

and pump setup. For example, milk collected with own supplies contained significantly more 

Streptococcus sp. than milk collected with sterile supplies as described earlier (Table 11). 

Thirty-four percent (2.7 x 102 ± 86 CFU/mL of 8.0 x 102 ± 2.6 x 102 CFU/mL) of these bacteria 

survived ever freezing. In contrast, Staphylococcus sp. was the predominant type of bacteria 

cultured in milk collected with sterile supplies (Figure 13). Only about 12% (1.9 x 102 CFU/mL 

of 1.5 x 103 CFU/mL) of Staphylococcus sp. survived refrigeration. For these reasons, we 

conclude that the effect of ever frozen depended on the amounts and types of bacteria in milk 

before storage. 

For gram-negative bacteria, the interaction between the effects of ever having been 

frozen in a home freezer for 30 d, with or without refrigeration for the first 4 d (ever frozen) and 
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pump setup was statistically significant (p = 0.03) (Table 11). Fresh milk collected with own 

supplies had a mean 100 ± 55 CFU/mL of gram-negative bacteria; 48% of these survived 

freezing. In contrast, fresh milk collected with sterile supplies had a mean 1.4 ± 0.8 CFU/mL of 

gram-negative bacteria; 100% of these survived freezing. 

Refrigerated-freezing versus fresh-freezing. Regardless of pump supplies used for 

collection, significantly fewer total aerobic bacteria survived refrigerated-freezing compared to 

fresh-freezing (Table 11). Among milk samples collected with own supplies, 60% (4.4 x 103 ± 

1.8 x 103 CFU/mL of 7.3 X 103 ± 3.1 x 103 CFU/mL) of total aerobic bacteria survived fresh-

freezing but only 3.4% (2.5 x 102 ± 1.0 x 102 CFU/mL of 7.3 X 103 ± 3.1 x 103 CFU/mL) 

survived refrigerated-freezing (t ratio fresh-freezing versus refrigerated-freezing = -8.4; p < 

0.0001) (Table 11). Among milk collected with sterile supplies, 34% (5.6 x 102 ± 2.4 x 102 

CFU/mL of 1.6 x 103 ± 5.6 x 102 CFU/mL) of total aerobic bacteria survived fresh-freezing but 

only 0.5% (10 ± 4.0 CFU/mL of 1.6 x 103 CFU/mL) survived refrigerated-freezing (t ratio fresh-

freezing versus refrigerated-freezing = -11.9; p < 0.0001). 

In contrast, refrigerated-freezing had no significant effect on the number of viable gram-

negative bacteria compared to fresh-freezing (Table 11). 

Finally, regardless of pump supplies used for collection, significantly fewer 

Staphylococcus sp. and Streptococcus sp., survived refrigerated-freezing compared to fresh-

freezing (p < 0.0001) (Table 11). For Staphylococcus sp., 24% (3.7 x 102 ± 1.1 x 102 CFU/mL of 

1.5 x 103 ± 4.7 x 102 CFU/ml) of these bacteria survived fresh-freezing; significantly fewer 

(0.5%; 8.3 ± 2.6 CFU/mL) survived refrigerated-freezing (t ratio fresh-freezing versus 

refrigerated-freezing = -14.1; p < 0.0001). For Streptococcus sp., 62% (4.9 x 102 ± 1.6 x 102 

CFU/mL of 8.0 x 102 ± 2.6 x 102 CFU/ml) of these bacteria survived fresh-freezing; significantly 
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fewer (5.3%; 42 ± 14 CFU/mL) survived refrigerated-freezing (t ratio fresh-freezing versus 

refrigerated-freezing = -8.6; p < 0.0001). Taken together, our results indicate that, with the 

exception of gram-negative bacteria, refrigeration before freezing significantly decreased the 

viability of bacteria in milk compared to immediate freezing of the milk samples. 

Additional effects of home refrigeration and freezing on bacterial viability of public 

health interest. Among milk samples stored in home refrigerators for 4 days, some (n = 6) 

exhibited bacterial growth (Supplementary Figures 6-7), suggesting some home refrigerators 

may have exceeded recommended temperatures. Two of these samples had >108 CFU/mL total 

aerobic bacteria after 4 d of refrigeration, far above the HMBANA criteria for pasteurization 

(193). Notably, however, of the 6 samples that exhibited bacterial growth during refrigeration 5 

were collected with women’s own supplies (Supplementary Figure 6); only 1 was collected 

with sterile supplies (Supplementary Figures 7). Additionally, all 5 of the milk samples 

collected with own supplies that exhibited bacterial growth had >104 CFU/mL of total aerobic 

bacteria immediately after expression (fresh samples; Supplementary Figure 6). Given that 

women served as their own controls; that fresh milk samples collected with own supplies 

contained significantly more bacteria than milk collected with sterile supplies; and that paired 

(milk collected from both pump setups from the same woman) milk samples were stored 

together, we hypothesize: (a) some home refrigerators may have exceeded recommended 

temperatures and (b) the consequences of excessive storage temperature disproportionately 

affected milk that started out with high concentrations of live total aerobic bacteria. 

Similarly, among milk samples stored in home freezers for 30 d without prior 

refrigeration (fresh-frozen), some (n = 8) had more culturable bacteria after freezing 

(Supplementary Figures 7-8), which suggests that some home freezers may have exceeded 
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recommended temperatures. In addition, mirroring samples stored in home refrigerators, most 

(n = 7) of the samples that had more culturable bacteria after freezing were collected with 

women’s own supplies (Supplementary Figure 8); only 1 was collected with sterile supplies 

(Supplementary Figures 7). Taken together with our findings that milk collected with own 

supplies had, on average, several times more total aerobic bacteria than milk collected with 

sterile supplies, this observation suggests the consequences of excessive freezer temperature 

disproportionately affects milk that contains high concentrations of live aerobic bacteria before 

storage. This included the samples from the woman whose freezer lost power for 24 h. Her milk 

collected with own supplies had more culturable bacteria after 30 d of freezing than her fresh 

milk. In contrast, we found no detectable aerobic growth in her milk collected with sterile 

supplies before or after freezing for 30 d. 

For both pump types, the ratio between live gram-negative bacteria and gram-positive 

bacteria (e.g., Staphylococcus sp. and Streptococcus sp.) increased several-fold during storage. 

For example, among milk samples collected with women’s own supplies, the ratio between live 

gram-negative and gram-positive bacteria was 0.03 in fresh milk and 0.49 in refrigerated-frozen 

milk, a 16-fold increase. Similarly, among milk samples collected with sterile supplies, this ratio 

was 0.0009 in fresh milk and 0.04 in refrigerated-frozen milk, a 44-fold increase. These data 

further support the conclusion that gram-negative bacteria appear to be more robust to home 

refrigeration and freezing than gram-positive bacteria. 

Culture-independent (16S) assessment of the milk microbiome composition and 

diversity. 

Diversity of 16S sequences. Culture-independent (16S) analysis of the milk microbiome 

revealed α diversity of 16S sequences was unaffected by 4 d of refrigeration and subsequent 
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freezing (refrigerated-freezing; Table 12, Figure 14). These analyses revealed no effect of cold 

storage (ever stored versus fresh) on 16S richness or phylogenetic diversity (Table 12). We 

found significant interactions between the effect of storage (ever stored) and pump setup for 

evenness, inverse Simpson, and Shannon index (Table 12). However, regardless of pump 

supplies used for collection, these metrics were not significantly different in milk samples 

refrigerated for 4 d and refrigerated-frozen milk samples (Table 12). For this reason, we 

conclude that the significant interactions between pump supplies and storage condition (ever 

stored) on these diversity metrics were likely driven by pump supplies used for milk collection. 

Boxplots provide support for this conclusion (Figure 14). 

Similarly, β diversity of 16S sequences, as measured by weighted UniFrac distances 

(151), was unaffected by 4 d of refrigeration and subsequent freezing (refrigerated-freezing; 

Figure 14). PERMANOVA analyses revealed a significant interaction between pump supplies 

(own v. sterile supplies) and storage condition (pseudo F = 2.7, R2 = 0.009, p = 0.02). However, 

there was no significant difference between storage conditions (refrigeration for 4 d and 

refrigerated-freezing) for milk collected with own supplies (pseudo F = 1.4, R2 = 0.01, p = 0.7) 

nor for milk collected with sterile supplies (pseudo F = 0.5, R2 = 0.01, p = 1.0). For this reason, 

we conclude that the significant interaction between pump supplies and storage condition on 

weighted UniFrac distances was likely driven by pump supplies used for milk collection. 

Ordination plots provide support for this conclusion as milk samples clustered by pump setup, 

not by storage condition (Figure 15).  

Composition of 16S sequences. Culture-independent (16S) analysis of the milk 

microbiome revealed, generally, 4 d of refrigeration and subsequent freezing affected only a few 

individual genera. The heatmap with dendrograms revealed only subtle changes among the most 
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Table 12. Effect of pump setup and storage condition on bacterial alpha diversity in milk collected with sterile and own 
supplies from 51 participants of MiLC  

 Observed ASVs  Inverse Simpson  Shannon Index  Pielou’s Evenness  Faith’s PD 

Storage condition1 

F or 
response 

ratio ± SE P  

F or 
response 

ratio ± SE P  

F or 
response 

ratio ± SE P  

F or 
response 

ratio ± SE P  

F or 
response 

ratio ± SE P 

Ever stored†              
Storage2 0.16 0.85  – –  – –  – –  0.38 0.68 
Pump Setup3 0.48 0.49  – –  – –  – –  20 < 0.0001 
Storage x Pump 
Setup 

1.5 0.23  9.4 0.0001  6.3 0.002  5.7 0.004  0.21 0.81 

Refrigerated 4 d v. refrigerated-frozen‡             
Own4 – –  1.0 ± 0.1 0.6  1.0 ± 0.03 0.5  1.0 ± 0.03 0.7  – – 
Sterile4 – –  1.0 ± 0.1 0.7  1.0 ± 0.03 0.6  1.0 ± 0.03 0.4  – – 
Overall 1.0 ± 0.1 0.6  – –  – –  – –  0.9 ± 0.1 0.4 

1 Storage conditions were tested with linear mixed effects models (†) or pre-specified post hoc comparisons (‡). Linear mixed effects models were adjusted for 
infant diet and randomized assignment; participant ID and pump setup nested within participant ID served as random effects. 

2 Fresh versus ever stored; fresh served as the reference. 

3 Women’s own versus sterile supplies; sterile served as the reference. 

4 Only done when storage condition x pump setup was significant in linear mixed effects models. 

ASVs = amplicon sequence variance; PD = phylogenetic diversity; Own = women’s own supplies; Sterile = sterile supplies
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Figure 14. Alpha diversity across all milk samples among 51 women in MiLC. Alpha 
diversity estimated on rarefied data at 4,721 sequences (n = 296). Sterile = sterile supplies, Own 
= own supplies, t0 = Fresh, t4 = Refrigerated for 4 d, t30 = Refrigerated-frozen.  



 

119 

 

Figure 15. PCoA of weighted UniFrac distances calculated from bacterial communities in 
milk collected from 51 participants of MiLC. The percentage of variation explained by the 
principal coordinates is indicated on the axes. Ellipses represent the 95% confidence intervals 
around the centroid for each cluster. The ellipse centroids are indicated by *. Data were rarified 
at 4,721 sequences/sample (n = 296). Dispersion was estimated using the dist_to_centroid 
function in the usedist package 0.1.0 for R. Linear mixed effects models revealed distances to 
centroid were significant for pump setup (F = 4.9, p = 0.03) but not for storage conditions (F = 
1.6, p = 0.19) nor the interaction between pump setup and storage conditions (F = 1.0, p = 0.37) 
Sterile = sterile supplies, Own = own supplies, t0 = fresh, t4 = refrigerated for 4 d, t30 = 
refrigerated-frozen. 
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abundant genera (>1% relative abundance across samples) in milk, regardless of pump supplies 

used for collection (e.g. pump setup; Figure 16). The bacterial composition of milk collected 

with own supplies, as measured by 16S, remained distinct from that of milk collected with sterile 

supplies after 4 d of refrigeration and subsequent freezing. 

Differential abundant analysis of 16S data revealed relative abundances of individual 

genera were largely unaffected by 4 d of refrigeration (Figure 17), with one notable exception. 

DESeq2 (159) analysis revealed that 4 d of refrigeration led a 3.8 log2 fold increase in the 

relative abundance of Pseudomonas (p < 0.0001) in milk collected with women’s own supplies. 

In contrast, we found no significant changes in relative abundances of any individual genera in 

milk collected with sterile supplies. 

Differential abundance analysis revealed relative abundances of individual genera were 

unaffected by 26 d of freezing following 4 d of refrigeration (Figure 17). This was true 

regardless of pump supplies used for collection.  

Presence-absence analysis revealed a small handful of genera appeared or disappeared 

during refrigeration. These changes appeared to be unique to pump setup. However, these 

changes were only seen in a few genera with low prevalence and very low relative abundances 

(Supplementary Tables 3–4). Given the sparse nature and low prevalence of these data, 

statistical analyses were not performed. We conclude that some low abundant taxa may be 

differentially affected by refrigeration.  

Similarly, presence-absence analysis revealed a small handful of genera appeared or 

disappeared during freezing after 4 d of refrigeration. These changes appeared to be unique to 

pump setup. However, these changes were only seen in a few taxa with low prevalence and very 

low relative abundances (Supplementary Tables 5–6). Given the sparse nature and low 
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Figure 16. Heatmap of bacterial taxa with >1% relative abundance across all samples. Heat 
map shows differential relative abundance of taxa with >1% relative abundance across all 
samples, collapsed at the genus-level. Data rarified at 4,721 reads/sample (n = 296). Row Z-score 
values reflect the number of standard deviations from the population mean (zero) for each genus. 
Dendrograms were calculated using average-link clustering and show relatedness of samples (top 
dendrogram) and co-occurrence of bacterial genera (row dendrogram). Sterile = sterile supplies, 
Own = own supplies, t0 = fresh, t4 = refrigerated for 4 d, t30 = refrigerated-frozen. 
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Figure 17. Effect of refrigeration and subsequent freezing on bacterial genera in milk 
collected with sterile and own supplies from 51 participants of MiLC. Volcano plots show 
the fold change (x axis) in genera between storage conditions (denoted in white text), as well as 
the statistical significance of that change (y axis) as determined by DESeq2 analysis (159). The 
relative abundances of genera above the horizontal dotted line were significantly impacted by the 
storage condition (DESeq2, adjusted p ≤ 0.05). (A) shows the effect of 4 d of refrigeration in 
sterile supplies, (B) shows the effect of 4 d of refrigeration in own supplies, (C) shows the effect 
of 26 d of freezing after 4 d of refrigeration in sterile supplies, (B) shows the effect of 26 d of 
freezing after 4 d of refrigeration in own supplies. Pseudomonas was the only genus to be 
significantly affected by any storage condition (p < 0.0001), and only in milk collected with own 
supplies.  
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prevalence of these data, statistical analyses were not performed. We conclude that some low 

abundant taxa may be differentially affected by freezing after 4 d of refrigeration. 

Discussion 

The results of this in-home randomized, controlled, crossover trial indicate that the 

effects of refrigeration and freezing depend on the initial bacterial composition of pumped milk. 

Here and as reported in Chapter 2, milk collected with women’s own pumps had significantly 

higher quantities of live gram-negative bacteria and Streptococcocus sp. than milk collected with 

sterile supplies. These bacteria were more robust to home refrigeration and freezing than 

Staphylococcus sp, which were the predominant type of bacteria cultured in milk collected with 

sterile supplies.  

Given each woman pumped with both pump setups, the extra bacteria in milk collected 

with own supplies represented bacteria added during pumping. In Chapter 3, we reported that the 

majority of these likely originated from areolas and milk collection kits (Chapter 3). These 

findings are consistent with previous literature (57, 89, 93, 161). However, because bacteria from 

areolas are present in milk collected aseptically with an electric pump, these bacteria are often 

defined as part of the normal or native human milk microbiome (115, 120, 121). For this reason, 

we conclude that the extra bacteria in milk collected with own supplies compared to sterile 

supplies predominantly represent bacteria derived from women’s own milk collection kits. We 

acknowledge that bacteria on these kits may have originated from multiple sources, such as 

women’s hands, milk from previous pumping sessions, and the surrounding environment. Even 

so, data presented in Chapter 2, namely that more rigorous cleaning practices with associated 

with several-times lower odds of milk to grow >104 CFU/mL of total aerobic bacteria or to be 

culture-positive for gram-negative bacteria, support the assertion that bacteria are transferred to 
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milk during pumping via the collection kit. Taken together, we conclude that collection kit-

derived bacteria survive home refrigeration and freezing better than native milk bacteria. 

Consistent with a previous study conducted in a neonatal intensive care unit (113), our 

results show that refrigeration before freezing significantly decreases the viability of aerobic 

bacteria in milk compared to freezing immediately. Our results expand knowledge by 

documenting that the ratio between live gram-negative and gram-positive bacteria, namely 

Staphylococcus sp. and Streptococcus sp., is at least 16-fold higher in refrigerated-frozen milk 

compared to fresh milk. This finding is mirrored in our 16S results, which revealed that the 

abundance of Pseudomonas, a genus of gram-negative bacteria, increased in milk collected with 

women’s own supplies after 4 d of refrigeration. These findings are consistent with those in 

cow’s milk. For example, in cow’s milk, Pseudomonas sp. can be added to milk during handling 

and storage after the milk is pasteurized (168, 194). These bacteria are normal inhabitants of soil, 

water, or feces (195) and outgrow many other species of bacteria in milk including 

Enterococcus, Enterobacteriaceae, and Staphylococcus sp. (168). In the dairy industry, addition 

of Pseudomonas sp. after pasteurization is problematic for milk quality as these bacteria are cold 

tolerant and produce lipase and other enzymes that cause changes to the sensory profile in milk 

(168, 194, 196). Thus, it is plausible these bacteria cause the same changes in pumped milk. 

Whether or how milk quality if affected by presence of Pseudomonas sp. warrants investigation. 

Our results indicate that bacterial viability changes significantly after home refrigeration 

and freezing but that, for the most part, bacterial DNA remains intact. These findings are 

consistent with previous studies (53, 81, 95, 113, 185, 197-201), and are important because they 

suggest bacterial function changes during storage. While the implications for this are unknown, 

existing evidence suggests it may be important. For example, it is currently hypothesized that 
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bacteria in milk and on the outer surface of the breast are vertically transferred to infant 

gastrointestinal tract and become part of the “gut” microbiome (25, 114, 116, 162). However, our 

results suggest that these bacteria, though still present, are not alive in milk after refrigeration or 

freezing, with refrigeration before freezing having the greatest effect on bacterial viability. This 

subject warrants additional investigation. 

Our results underscore the potential consequences of inadequate storage conditions in 

combination with bacterial contamination, a problem that is well documented in the field of food 

safety (186, 202). In our study, some milk samples exhibited bacterial growth. Among those that 

did, the milk samples that started out with the highest bacterial counts increased in counts most 

dramatically. After 4 d of refrigeration, some milk samples exceeded by orders of magnitude the 

Human Milk Bank Association North America’s criterion for feeding without pasteurization 

(157) and the cutoff suggested by the ABM for milk pumped at home for full-term infants (75).  

The main strength of this study was its design. The randomized, crossover design allowed 

for causal inference of our data. We took additional measures to minimize confounding and to 

increase our statistical power. For example, we collected paired milk samples from the same 

breast on consecutive pumping sessions between 0700-1100 h. This decreased breast-to-breast 

variability as well as diurnal variability within and between women. 

The main limitation of our study is that we elected to exclude one participant from 

analyses. In doing so, we undermined the benefits of conducting a randomized trial namely, to 

prevent confounding. For this reason, we cannot guarantee results presented here are free from 

bias as a traditional intention-to-treat analysis would provide (192). Even so, we deemed her 

removal necessary because her violation of protocol provided samples that could not be used to 

test our hypotheses. Our study is also limited in that only a few media were used to assess 
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bacterial viability. This provides information for only a subset of possible bacteria in the milk. 

To have a more complete understanding of whether other types of bacteria detected via 16S were 

alive, more comprehensive methods are needed, such as propidium monoazide. This method 

allows for isolation of DNA from only viable bacteria by crosslinking extracellular DNA strands 

and those in bacteria with damaged cell membranes and preventing PCR amplification (203), but 

was not feasible for the present study. 

Conclusions 

In this randomized, controlled crossover trial, we demonstrate that bacteria in milk 

collected with women’s own supplies survived home refrigeration and freezing better than milk 

collected with sterile supplies. Here and as reported in Chapter 2, we found that milk collected 

with women’s own supplies often had more bacteria than milk collected with sterile supplies. In 

Chapter 3, we provide evidence to support the assertion that the extra bacteria in milk collected 

with women’s own supplies most likely came from women’s milk collection kit. Taken together, 

we conclude that bacteria derived from women’s own milk collection kits survived home 

refrigeration and freezing better than native human milk bacteria (bacteria in milk collected with 

sterile supplies). Our findings underscore the need for more research to understand how the 

overall composition and function of the milk microbiome changes during storage and what 

implications this has on the milk itself and for infant health.  
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CHAPTER 5 

CONCLUSIONS 

The results from the randomized trial and observational substudy described in this 

dissertation contribute to our knowledge of how women’s typical real-life pumping and storage 

practices change the bacterial composition of their milk. These results can contribute to the 

development of evidence-based recommendations for handling and storing pumped milk, which 

are currently lacking for milk pumped at home specifically. Additionally, our results expand 

knowledge about the bacterial exposures infants receive when they drink their mother’s milk 

from a bottle instead of at her breast. 

Summary of Findings 

In Chapter 2, we reported that women’s typical real-life pumping practices changed the 

bacterial composition of their milk at the time of expression. We demonstrated this by using a 

randomized, crossover trial of 2 breast pump setups. Women (N = 52) fully expressed the same 

breast on 2 consecutive pumping sessions; once with their own pumps and own collection kits 

(“own” supplies) and once with a multiuser pump and new, sterile collection kits (“sterile” 

supplies). Culture analyses revealed that, compared to milk collected with sterile supplies, milk 

collected with women’s own supplies contained several times more live total aerobic bacteria, 

gram-negative bacteria, Staphylococcus sp., and Streptococcus sp. 16S analyses revealed that, 

compared to milk collected with sterile supplies, milk collected with women’s own supplies was 

phylogenetically less diverse and contained >7 times higher abundance of Proteobacteria, 

particularly higher relative abundances of Enterobacter, Stenotrophomonas, Acinetobacter, 
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Brevundimonas, Rhizobium, Pseudomonas, and unidentified Enterobacteriaceae. These results 

indicate that bacteria are transferred to milk when women pump with their own supplies.  

In Chapter 3, we aimed to identify the likely sources of the extra bacteria we found in 

milk collected in women’s own supplies. SourceTracker2 analysis revealed about 80% of 

bacteria in milk collected with women’s own supplies likely originated from selected body sites 

and pump equipment. We found the largest contributors of 16S sequences to milk were areolas 

and milk collection kits, each likely contributing roughly 34% of bacterial sequences in milk. 

However, because bacteria from areolas are present in milk collected aseptically with electric 

pumps, these bacteria are sometimes defined as part of the native human milk microbiome (115, 

120, 121). Thus, bacteria likely contributed by the areolas did not explain the extra bacteria in 

milk collected with women’s own supplies. For these reasons, we conclude that milk collection 

kits were likely the predominant contributors of extra bacteria in milk collected with women’s 

own compared to sterile supplies. We further support this assertion with additional 16S and 

culture analyses. 

We hypothesized women’s behaviors and pumping practices would be associated with 

variation in bacteria cultured from milk. Our findings suggest the most important of these is how 

milk collection kits are cleaned. Collection kits were likely the predominant contributors of 

Proteobacteria to milk as determined by SourceTracker2 analysis. In addition, using DESeq2 

analysis, we found that compared to milk collected with sterilized kits, milk collected with hand-

washed or rinsed milk collection kits had several fold higher abundances of several genera of 

Proteobacteria, including Sphingomonas, Enterobacter, Stenotrophomonas, Rhizobium, 

Unidentified Enterobacteriaceae, Acinetobacter, and Pseudomonas. Similarly, culture analyses 

revealed that compared to pumping with sterilized collection kits, pumping with hand-washed or 
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rinsed collection kits was associated with 5.8 higher odds of milk growing >104 colony-forming 

units/mL total aerobic bacteria (95% CI 1.1, 30; p = 0.04) and 4.9 higher odds of being culture-

positive for gram-negative bacteria (95% CI 1.02, 21; p = 0.03). For these reasons, we conclude 

milk collection kits are likely the predominant contributors of Proteobacteria and live gram-

negative bacteria in milk pumped with women’s own supplies. Sterilization of kits at home is a 

potential intervention to reduce bacterial contamination of milk.  

In Chapter 4, we reported experimental evidence that bacteria derived from milk 

collection kits survive home refrigeration and freezing better than native human milk bacteria. In 

the context of our findings from Chapter 2 that the initial bacterial composition of milk reflected 

the bacteria added by pumping, we found significant interactions between pump setup and home 

refrigeration and freezing on total aerobic bacterial counts in milk. These interactions were 

explained by our findings that some types of bacteria survived refrigeration and freezing better 

than others. For example, gram-negative bacteria and Streptococcus sp. survived home 

refrigeration and freezing better than Staphylococcus sp., which were the predominant types of 

bacteria cultured in milk collected with sterile supplies. Taken together, findings from our 

randomized trial provide strong evidence that bacterial contamination of home-expressed milk is 

a common problem, and bacterial contaminants survive home refrigeration and freezing better 

than native milk bacteria. 

Finally, as reported in Chapter 4, the results from the extension of our randomized trial 

provided unique insight into how the biological function of human milk bacteria changed during 

home refrigeration and freezing. We found that all types of bacteria, except gram-negative 

bacteria, died rapidly during refrigeration. When refrigeration preceded freezing, even more 

bacteria died. Despite this significant decrease in bacterial viability, the 16S composition and 
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diversity changed little. These results indicate that bacterial function may change significantly 

during storage, but their DNA largely remain intact and highlight the need to use multiple assays 

to characterize the biological significance of bacteria in pumped milk completely. 

Strengths and Limitations 

The main strength of our randomized trial was its design. Our innovative use of an in-

home randomized, controlled, crossover design allowed for causal inference of our data. This 

design also minimized potential confounding, thereby increasing our power to declare 

differences statistically significant. For example, we collected paired milk samples from women, 

allowing each woman to serve as her own control, and consequently reducing woman-to-woman 

variability. Both pumping sessions, for all women, occurred between 0700-1100 h, which 

minimized potential diurnal variations in milk composition. Women pumped the same breast 

twice, which decreased breast-to-breast variability. Finally, randomization was stratified by 

infant diet. This measure decreased the variability in milk introduced by the infants’ oral 

microbiome as well as increased the generalizability of our findings to women with a range of 

infant feeding practices. 

Another strength of our randomized trial was that infants were not allowed to nurse 2 

hours before the first pumping session and not until after the second. This measure helped assure 

adequate milk for the second sample collection. 

The main strength of our observational substudy was our approach. We used a 

multimethod approach to link women’s typical real-life behaviors to the bacterial content on 

body sites and pump equipment and, ultimately, to the bacterial content of their home-expressed 

milk. We swabbed body sites and pump equipment before women pumped, which strengthened 

our results by establishing causal order. Of course, by swabbing these areas beforehand, we may 
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have attenuated the association by removing some of the bacteria. Nevertheless, we found strong 

associations between body sites, pump equipment, and the bacterial communities in milk.  

A strength of both our experimental and observational studies was our analytical 

approach. We measured bacterial composition of milk via aerobic culturing and high-throughput 

sequencing of the 16S rRNA bacterial gene. These complementary methods allowed us to 

understand the types, quantities, and viability of bacteria in pumped milk—factors that influence 

bacteria’s effects on the recipient infant (183, 184). Our results pave the way for future 

investigations to explore how feeding pumped milk with an altered microbiota influences the 

ecosystem of communal microbes between mothers and infants and associated health outcomes. 

Another strength of both types of studies was our collection of samples under typical 

real-life conditions—at home using women’s own supplies and own collection kits, cleaned 

using women’s usual practices. This approach provides an accurate representation of women’s 

at-home practices and how those practices influence the composition of their milk. Still, we 

cannot rule out the possibility that some women may have altered their typical real-life practices 

to participate in this study, though many women expressed great interest in knowing the effect of 

their actual practices on the bacterial composition of their milk. 

The main limitation of both types of studies is that we used a limited number of media to 

assess bacterial viability, which only provides information on a subset of bacteria. To have a 

more complete understanding of whether other types of bacteria are alive, more comprehensive 

methods are needed, such as propidium monoazide. This method allows for isolation of DNA 

from only viable bacteria by degrading extracellular DNA strands and those in bacteria with 

damaged cell membranes (203). This method, however, was not feasible for the present study. 

Additionally, as with all marker gene (e.g., 16S rRNA) studies, our ability to identify species or 
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strain levels was limited by the sparsity of this information in 16S rRNA databases. This 

constrained our ability to differentiate between opportunistic and known pathogens. In light of 

this limitation, we sequenced the genomes of 5 colonies that grew on a single plate of 

MacConkey’s agar. The results of this analysis confirmed known and opportunistic pathogens 

were alive in milk collected under typical real-life conditions (Appendix G). 

The main limitation of our observational substudy was insufficient sample size to 

estimate many of the associations of interest. For example, we hypothesized the independent 

effects of women’s handwashing behaviors and practices for cleaning milk collection kits would 

interact with the amount of culturable aerobic bacteria in pumped milk. However, the practices 

women used in our sample did not vary enough to test this interaction.  

Our observational substudy was also limited by our choice not to conduct aerobic 

culturing on swab samples. This choice was made largely for practical purposes as we were 

lacked sufficient personnel to process samples. Thus, it is not possible to confirm whether the 

bacteria on these surfaces were alive. Nevertheless, our results suggest that at least some of the 

bacteria were alive because of the strong inverse association between more rigorous cleaning 

practices (sterilization v. washing or -rinsing of collection kits) and live total aerobic and gram-

negative bacterial counts in milk. Additional research is needed to know which external sources 

contribute the largest quantities of live bacteria as this may predict colonization patterns in the 

infant respiratory and gastrointestinal tracts. 

 

The results presented in this dissertation are clear: pumping under typical real-life 

conditions contaminates milk with exogenous bacteria, and these exogenous bacteria survive 

home refrigeration and freezing better than native milk bacteria. The predominant source of live 
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opportunistic pathogens and potentially illness-causing bacteria is likely to be the milk collection 

kits. Sterilizing these kits at home is a potential way to minimize the risk of contamination with 

these bacteria. These findings have implications for several stakeholders and areas of 

investigation. 

Implications for Storage and Handling Recommendations 

A central goal of the Academy of Breastfeeding Medicine (ABM) is to create clinical 

protocols to serve as “guidelines for the care of breastfeeding mothers and infants” (75). The 

ABM specifically publishes a protocol for handling and storing practices recommended for 

home-expressed human milk intended for full-term infants (75). However, these guidelines are 

based on a body of evidence that employed collection and storage methods women do not 

usually use in real life (57, 83-85, 88-93)—a difference that limits the generalizability of 

previous findings to typical real-life conditions. Discussed below are ways current ABM 

guidelines could be improved based on the findings reported in this dissertation.  

Encourage women to sterilize their milk collection kits. Our results support the 

recommendation to sterilize milk collection kits used to pump milk at home. Among milk 

samples collected with women’s own supplies, 60% (n/N = 30/52) were contaminated, defined as 

containing >104 CFU/mL of total aerobic bacteria or being culture-positive for gram-negative 

bacteria. Of these 30 contaminated samples, 22 were collected with kits that were washed by 

hand at home, 5 were collected with rinsed only kits, and only 3 were collected from home-

sterilized kits. These results indicate sterilization of milk collection kits may prevent 

contamination of milk with exogenous bacteria. 

Importantly, this position contrasts current ABM guidelines, which explicitly state 

sterilization of collection kits is unnecessary (75). To support this position, the ABM guidelines 
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cite two studies (91, 200) in which researchers found the number of live bacteria in milk 

collected with hand-washed bottles did not differ significantly from milk collected with new, 

sterile bottles. However, in these studies researchers simulated real-life conditions by 

handwashing new bottles before distributing them to participants for use. Conversely, the results 

from MiLC reflected actual real-life conditions. Participants cleaned their own milk collection 

kits using their usual practices. In all cases, these kits had been previously used. 

We found that all methods of sterilization women used were effective. These included 

boiling, washing in the dishwasher, and steam sterilization in microwaveable bags. Other 

sterilization methods not used by MiLC participants may be equally effective, though more 

research would be needed to confirm other methods. 

Granted, MiLC results do not provide information about how often sterilization should be 

performed. Still, we observed patterns that provide some insight about when sterilization may be 

useful. For example, pumping with kits that had visible debris or fat streaks often resulted in 

milk containing relatively high concentrations of bacteria and were culture-positive for gram-

negative bacteria. In addition, we observed some kits had crevices that some women described as 

being almost impossible to clean properly. Based on these observations, our results suggest 

sterilization may be beneficial under these condition and may be valuable under other conditions 

not studied here. 

Monitor home refrigerator and freezer temperatures. Results from Chapter 4 suggest 

ABM guidelines should explicitly encourage women to monitor temperatures in home 

refrigerators and freezers. We reported some milk samples stored in home refrigerators and 

freezers exhibited bacterial growth. After 4 days of refrigeration, some samples grew >108 

CFU/mL of total aerobic bacteria, exceeding by orders of magnitude HMBANA’s criterion for 



 

135 

pasteurization (157). In addition, some milk samples frozen for 30 d resulted in bacterial growth 

above this criterion. Together, these results indicate some home refrigerators and freezers exceed 

recommended temperatures. Bacterial overgrowth caused by inadequate storage temperature is 

well documented in the field of food safety (186) and has been previously recorded in human 

milk (49, 200). That said, monitoring refrigeration and freezing temperatures is not a new 

concept. However, the ABM guidelines do not explicitly recommend that women monitor 

temperatures in their refrigerators and freezers; our results suggest they should. 

Feed or freeze pumped milk within 48 h. Results from Chapter 4 suggest extended 

refrigeration and freezing after refrigeration are detrimental to native human milk bacteria but 

not to exogenous bacterial contaminants, such as live gram-negative bacteria. Native milk 

bacteria are thought to contribute to the health-promoting benefits of feeding human milk (162, 

183), so their preservation may benefit infants fed pumped milk. For this reason, our results 

support the assertion that ABM guidelines should encourage women to feed their refrigerated 

milk within 48 h. 

In addition, we found that more native bacteria survived freezing when milk was frozen 

immediately after expression compared to freezing after 4 d in the refrigerator. These results 

support the assertion that ABM guidelines should encourage women who aren’t planning to feed 

their milk immediately to freeze it as soon as possible. Freezing within 48 h hours may be an 

appropriate recommendation, though additional research is needed to confirm this. 

Implications for Mothers and Other Caregivers 

Mothers have heard the message “breast is best,” and the vast majority do everything 

they can to provide their own milk to their infants (5-7, 14). For mothers who experience 

prolonged difficulties feeding at the breast and those who work outside the home, pumping their 
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milk is essential for them to meet their goals for feeding human milk. Although MiLC and its 

observational substudy were designed to contribute evidence with which recommendations for 

pumping and handling pumped milk could be improved, our results have revealed some 

challenges for mothers. These challenges and how they can be managed are described below. 

First, pumping and managing pumped milk are physically and emotionally labor-

intensive (6, 204), so much so that about 21% of lactating women stop breastfeeding earlier than 

they desired. They report having done so because, in part, “Pumping milk no longer seemed 

worth the effort that it required” (205). Our results that home-expressed milk is often 

contaminated with exogenous bacteria, including some potentially illness-causing and spoilage 

bacteria (Chapters 2-3), may cause mothers to feel additional stress about pumping their milk. 

This may reduce mothers’ quality of life or lead to pumping burnout sooner. Importantly, 

however, this issue underscores the reality that too much burden is put on mothers to manage the 

many responsibilities that come with childrearing, generally, and pumping specifically.  

Unlike feeding at the breast, which is necessarily performed by the mother, pumping and 

feeding pumped milk can and should be supported by the lactating mother’s partner, family 

members, and other caregivers. This assertion is supported by the evidence that women who 

have high levels of social support, including help from partners and others, to manage household 

and childrearing responsibilities typically have higher breastfeeding rates (206). They report 

having a higher quality of life (207), and are less likely to experience postpartum depression 

(208). The results of this dissertation suggest that women may wish to assure that their milk 

collection kits are sterile, which may require more time and effort or cost than that are currently 

devoting to this process. If this is the case, then additional help and support from the mother’s 

partner may make this easier to accomplish.  
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Second, lactating mothers may fear the consequences of bacterial contamination. 

Fortunately, we found that the risk of bacterial contamination was significantly reduced when 

women sterilize their milk collection kits before pumping (Chapter 3). All sterilization methods 

used by MiLC participants were effective, including steam sterilization using microwaveable 

bags, which are convenient (albeit expensive) for busy parents.  

Granted, our results do not provide a post-pumping solution for bacterial contamination. 

If women are concerned their milk may be contaminated with potentially illness-causing 

bacteria, for example, because they had to pump in a public restroom, then heat-treating milk 

may be a potentially suitable option. Heat-treating milk, for example, by pasteurization, kills 

bacteria (209), which may prevent infant infection. However, more research needs to be 

conducted to understand whether the benefits of heat-treating milk outweigh the negative 

consequences it has on other milk components, such as killing health-promoting bacteria and 

about a 30% loss of nutrients and anti-infective components (182, 209). 

 

The research presented in this dissertation provides biological evidence that the way 

human milk is fed matters. Feeding at the breast is an adaptive biobehavioral interaction shaped 

by millions of years of natural selection (9, 10). But advances in breast pump technologies and 

lack of adequate maternity leave has precipitated a cultural shift in breastfeeding practices (2). 

Now about 90% of breastfed infants consume at least some of their mothers’ milk from a bottle 

(14), and about 5% only drink human milk from a bottle (13, 14). This shift in human milk–

feeding practices is worldwide (13, 15-18) and may be beneficial if it means that more infants 

receive human milk for longer lengths of time. Some evidence for this exists as rates for 

breastfeeding initiation and duration have increased since 2010 (210, 211), when the 2010 
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Patient Protection and Affordable Care Act mandated insurance companies to cover the cost of 

breast pumps (45), which improved women’s access to them (46). However, there are potential 

consequences of disrupting the feeding at the breast relationship that must be systematically 

investigated in order for public health organizations to provide evidence-based recommendations 

for infant feeding practices. 

Future Directions 

Feeding at the breast fosters an ecosystem of communal microbes between mother and 

infant. The results presented in this dissertation suggest this ecosystem may be disrupted when 

human milk is fed from a bottle instead of at the breast. We provide evidence that native milk 

bacteria die during storage and new ones are added during pumping. Based on these results, we 

suggest several avenues that merit additional investigation. 

Investigating the effects of typical real-life practices on other milk components. The 

research described in this dissertation focused on the bacterial composition of milk. In doing so, 

we expanded on previous research (6, 7, 19, 83, 94) and greatly strengthened the premise for the 

concept that modern pumping and storage practices alter the bacterial composition of the home-

expressed milk. However, the composition of other microbes in milk may also be altered by 

typical real-life pumping practices, and these changes could influence the health of the mother-

infant pair. For example, viruses and fungi (e.g., Candida albicans) have known health risks, 

including upper respiratory infections (212) and thrush (213), respectively. For this reason, their 

presence in home-expressed milk warrants investigation. Inasmuch as we have leftover DNA 

extracted from MiLC samples, existing samples could be used to test the hypothesis that modern 

pumping practices alter DNA-viruses and fungi profiles in milk.  
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Investigating the effects of typical real-life practices on milk quality. We provide 

evidence that milk collected with women’s own supplies harbors bacteria known in the dairy 

industry to cause spoilage (166, 167). Spoilage bacteria are ubiquitous in the environment (167), 

meaning contamination with these bacteria can be a problem for any woman. This assertion 

contrasts current beliefs that milk spoilage is thought to affect only a subset of women—those 

who naturally produce high amounts of lipase. Lipase is an enzyme that digests triglycerides, 

resulting in the release of free fatty acids. The release of fatty acids in combination with their 

oxidation leads to an unpleasant flavor or smell in pumped milk (214), which some infants refuse 

to drink (32, 132). For these reasons, we recommend future researchers to investigate the 

potential effects of typical real-life pumping practices on milk quality before and after storage. 

 

Identifying points of intervention to minimize microbial contamination. In Chapter 3, 

we highlighted several potential points of intervention to minimize bacterial contamination of 

home-expressed milk, including improved sanitizing of milk collection kits, improved personal 

hygiene, and increased adherence to handling and storage recommendations. Our results 

considerably expand knowledge from previous research (55, 72, 74, 83-85, 88, 89, 111, 157) by 

estimating the proportions and types of bacteria in milk originating from external sources. These 

results can be used to inform future interventions aimed to minimize bacterial contamination in 

pumped milk. 

Notably, however, there was insufficient variability in our sample to estimate some 

associations of interest, such as that between handwashing and method used to clean collection 

kits. Additional research is needed to identify the factors associated with risk of bacterial 

contamination and their interactions. This will provide critical information needed to design and 
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test specific interventions. Based on results described in Chapter 3, we suggest the future 

research should focus on the effects of pump type (open v. closed systems) and age (e.g., whether 

pumps were obtained new or second-hand), parity, infant age, daycare attendance, and maternal 

working conditions (e.g., access to lactation rooms and sufficient time to adhere to hygiene and 

cleaning recommendations) on the microbial composition of milk.  

Additionally, milk collection kit design and materials are points of intervention that could 

minimize bacterial contamination of pumped milk. During sample collection, it became clear that 

many collection kits have tiny crevices that were difficult to reach with our swabs, suggesting 

these spaces are also difficult to clean properly. Women in our study confirmed that they 

struggled to clean these areas of the collection kits. Moreover, the valves through which milk 

travels from the flange and into the collection bottle often exhibited substantial debris and build 

up, presumably from milk fat and, thus, possibly served as a reservoir of bacteria. Manufacturers 

should address these design flaws to ensure collection kits can be cleaned adequately using 

recommended practices. 

Identify the effects of other real-life practices on the bacterial composition of milk. 

Our results provide strong evidence for how the practices women use at home affect the bacterial 

composition of their milk. However, women in our study expressed concerns over practices they 

regularly used only when pumping at work, such as not cleaning their milk collection kits after 

each use or using public spaces to pump and clean their equipment. These practices have also 

been previously reported in other cohorts of women (6, 19, 101, 215), which suggests that these 

are common concerns that warrant systematic investigation. 

Identify the consequences of bacterial contamination on maternal and infant health. 

Our results provide evidence that the bacterial exposures infants receive when they drink their 
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mothers’ milk from a bottle can differ dramatically from that received while feeding at their 

breasts (as determined using the closest proxy we have for this exposure: milk collected with 

sterile supplies). This begs the question of “so what?” Although this question was outside the 

scope of MiLC and its observational substudy, our results provide an insight into the answer. 

Importantly, we found milk collected with women’s own supplies to be several-fold more likely 

to be culture-positive for gram-negative bacteria than milk collected with sterile supplies. This is 

important because live gram-negative bacteria are often considered to be indicators of fecal 

contamination (195). Although some bacteria are normal residents of a healthy gastrointestinal 

tract, they can cause problems when they are translocated to another area of the body. For 

example, we identified live Klebsiella pneumonia in the milk of one woman that was collected 

with her own supplies. This bacterium is a normal resident of the gastrointestinal tract but can 

cause pneumonia and sepsis if inhaled, and is a particular concern because of its antimicrobial 

resistance (216). At least one case report of neonatal sepsis caused by pumped milk 

contaminated with Klebsiella pneumonia has been reported (albeit in a preterm, not full term 

infant) (86). 

Although it would be speculative to assert that the bacterial contamination of home-

expressed milk reported in this dissertation is harmful to full-term infants, our data provide 

sufficient scientific premise to warrant additional research to characterize potential risks. This 

subject could be approached in many ways. One way would be to establish a prospective birth 

cohort in which milk samples from mothers would be collected longitudinally along with infant 

fecal samples, medical records, and detailed infant feeding data, including duration and 

exclusivity of human milk-feeding and pumping/feeding pumped milk. Together, these data 
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would allow investigators to identify associations between milk bacterial composition, 

colonization patterns in the infant gastrointestinal tract, and health outcomes. 

Conclusions 

In conclusion, the research reported in this dissertation provides causal evidence that 

women’s typical real-life pumping changes the bacterial composition of their milk, notably by 

adding several-fold more total aerobic bacteria and live gram-negative bacteria. These “extra” 

bacteria survive home refrigeration and freezing better than native milk bacteria. The largest 

source of opportunistic pathogens and potentially illness-causing bacteria is the milk collection 

kit; sterilizing these kits at home may be a potential preventive measure to prevent contamination 

with these bacteria. Based on these conclusions, we recommend mothers, other caregivers, and 

health care providers use and endorse home sterilization of milk collection kits. We also 

recommend partners, family members, and other caregivers maintain an active role in cleaning 

pump equipment as well as in household and other childrearing responsibilities. Finally, our 

results underscore the need for comprehensive, evidence-based guidelines both for handling and 

storing home-expressed human milk as well as for infant feeding practices that separately 

address what is fed (e.g., human milk versus formula) and how it is fed (e.g., breast versus 

bottle). We encourage other basic scientists to conduct the much-needed translational work 

outlined in this chapter.  
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Potential participant name: __________________________________ 
 
Potential participant phone/email address: __________________________________ 
 
Date _____________________ 

 
Telephone/e-mail script 

 
Thank you for your interest in our study [insert potential participant’s name here], my name is 
Sarah Reyes. I am a graduate student in the Department of Nutritional Sciences at Cornell 
University. I will briefly describe to you the purpose of our study and how it will be carried out. 
Then, I will ask you a few questions to assess your interest in and eligibility to participate in this 
research. If you are eligible and interested, we can schedule a time for you to participate. 
 
The purpose of this research is to study how the bacterial communities in pumped breast milk 
change with handling and storage at home. The results of our study can be used to improve 
recommendations for handling and storing pumped breast milk at home. 
 
If you participate, we will ask you to pump your milk at home in the presence of a researcher. 
You will be asked to pump on two consecutive pumping sessions, once with your own pump and 
once with a sterile pump (provided). Both pumping sessions must occur between 7 am – 11 am. 
The second pumping session must begin ~3 hours after the beginning of the first session. 
 
You will remove all the milk you can from your breast each time you pump. From the milk 
produced, we will remove 1 ounce using a sterile bulb syringe (a total of 2 oz donated for both 
pumping sessions). Each ounce of milk collected will be separated into 5 sterile containers (10 
containers total). You will be asked to store 8 of these containers at home for 2, 4, or 30 days.  
 
On the day you pump, you will also be asked to donate skin swabs of your breast, dominant 
hand, pump equipment and bottles, and your baby’s mouth. Finally, we will administer a 
questionnaire orally. 
 
Are you still interested in participating in this study? (Note: For participants who receive this 
communication via email, we will assume she answers this question as “Yes” if she decides to 
complete the Qualtrics survey voluntarily. See below). 
 
 Yes  
 No  

 
Now we will assess your eligibility for this study. Please answer “Yes” or “No” to the following 
questions. (Note: Email communications will direct participants to a Qualtrics survey containing 
the following questions). 
 
1. Are you over the age of 18? 
 Yes  
 No  
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2. Do you pump your breast milk with an electric pump? 
 Yes  
 No  
 

3. Are you able to donate at least 1 oz (30 ml) of breast milk collected from one breast on two 
consecutive pumping sessions where pumping sessions are 3 hours apart and between 7 am-
11 am? 
 Yes  
 No  

 
4. Are you able to store your donated milk at home for 30 days?  
 Yes  
 No  
 

5. Would you describe yourself as healthy? 
 Yes  
 No  
 

6. Would you describe your baby as healthy? 
 Yes  
 No  
 

7. Have you or your baby shown signs/symptoms of acute illness been illness in the past 7 days 
including: fever (rectal or temporal temperature ≥99.5 F), dark green nasal discharge, 
diarrhea (abrupt onset of 3 or more excessively “loose” stools in one day), vomiting (where 
infant vomiting is not associated with feeding), or severe cough? 
 Yes  
 No  
 

8. (If the response to question 7 is “Yes”). We are only able to include you in this study if you 
and your infant are free of any signs of acute illness for 7 days. Would you be able to 
schedule your pumping session for 7 days after the last day you or your baby experienced 
these signs/symptoms? 
 Yes  
 No  
 

9. Has your baby consumed formula in the past 2 weeks? 
 Yes  
 No  
 

10. (If the response to question 7 is “Yes”). We are only able to include infants who have not 
consumed any formula in the past 2 weeks. Would you be able to schedule your pumping 
session 2 weeks after the last day your baby drank formula? 
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 Yes  
 No  
 

11. Has your baby started eating complementary foods? 
 Yes  
 No  
 

Note: To be eligible for this study, the woman has to answer “Yes” to all questions above, except 
questions 7 and 9. If the woman answers “No” to questions 7 and 9 and “Yes” to questions 8 
and 10, she is still eligible. Additionally, we may restrict enrollment by infant diet (question 11) 
to meet the goal to have half of our participants whose infants are not yet eating solid foods. 
If eligible: 
Thank you for taking the time to fill out these questions. You are eligible for our study. Are you 
still interested in participating in our study? 
 
 Yes  
 No  

 
If the woman answers “No” we will not pursue enrolling this woman to our study. If the woman 
answers “Yes” we will say the following:  
 

Wonderful! We will need to schedule the days you will participate in this study. We can 
do that now if you would like. If now is not a good time, please suggest another that is 
convenient for you to schedule our visits. In the meantime, if you have any questions, please 
contact me, Sarah Reyes, at smr296@cornell.edu or (208)-921-4967. 
 
If not eligible: 
Thank you for taking the time to fill out these questions. Unfortunately, you are not eligible for 
our study. [In electronic version only: If you think you have made an error to one of your 
responses, you may contact me, Sarah Reyes, at smr296@cornell.edu or (208)-921-4967]. 
Otherwise, thank you for your interest and good luck with your breastfeeding goals! 
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APPENDIX C 

PARTICIPANT CONSENT FORM 

  



 

168 

CORNELL UNIVERSITY 
 

Research Study Consent to Participate 
 
We are asking you to participate in a research study titled “Milk in Life Conditions (MiLC): 
Characterizing the bacterial composition of human milk pumped and stored in ‘real-life’ 
conditions.” 
 
This study is led by Sarah Reyes, a graduate student in the Division of Nutritional Sciences 
(DNS) at Cornell University. The faculty advisors for this study are Dr. Kathleen Rasmussen, 
also in the Division, and Dr. Anthony Hay, in Cornell’s Department of Microbiology. 
 
What the study is about 
The purpose of this research is to study how the bacterial communities in pumped breast milk 
change with handling and storage at home. The results of our study can be used to improve 
recommendations for handling and storing pumped breast milk at home. 
 
What we will ask you to do 
We will ask you to pump your milk at home in the presence of a researcher. You will be asked to 
pump on two consecutive pumping sessions, once with your own pump and once with a sterile 
pump (provided). You will be randomly assigned to which pump you will use first. Both 
pumping sessions must occur between 7 am – 11 am. The second pumping session must begin 
~3 hours after the beginning of the first pumping session. 
 
You can elect the breast from which you donate milk, but this breast must be the same for both 
pumping sessions. You should not pump or feed your baby from this breast during the 2 hours 
before your first pumping session and not again until after the second pumping session. You will 
remove all the milk you can from your breast each time you pump. From the milk produced, we 
will remove 1 ounce using a sterile bulb syringe (a total of 2 oz donated for both pumping 
sessions). Each ounce of milk collected will be separated into 5 sterile containers (10 containers 
total). You will be asked to store 8 of these containers at home for 2, 4, or 30 days.  
 
On the day you pump, you will also be asked to donate: a) skin swabs of the breast from which 
you pump and your dominant hand, b) swabs of your breast pump equipment and bottles, c) 
donate a swab of the inside of your baby’s mouth. Finally, you will be asked to answer questions 
about your pumping and handling practices, demographic characteristics, and basic medical 
information, such as whether you or your baby have taken antibiotics in the past 30 days. Your 
participation in this study is expected to take ~5 hours in total.  
 
*Details about collection of skin swabs: A nylon-flocked swab will be rubbed over the surface of 
your skin. Either you or the researcher, whichever you prefer, will swab your breasts on the areas 
to which the baby latches (nipple, areola, and surrounding skin). The palm-side of your hand will 
be swabbed as will the insides of your baby’s cheeks, and the surface of his/her tongue. 
 
Risks and discomfort 
There are no risks associated with participation in this study. 
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Benefits 
There are no direct benefits anticipated with participation in this study. 
 
Compensation for participation 
You will receive a $25 gift card from Amazon.com for your participation in this study. Gift cards 
will be e-mail within 24 hours after the last visit. If you are unable to finish this study for any 
reason, please notify us and our gift card will be delivered within 24 hours. 
 
Privacy/Confidentiality/Data Security 
The data for this study will be kept confidential to the extent allowed by federal and state law. 
Published results will not identify you or your child. 
 
Taking part is voluntary 
Your participation in this research is completely voluntary. You may choose not to participate in 
any portion of this study with no penalty to you. 
 
Use of Milk and Swab Samples for Future Studies  
We would like your permission to save a portion of your milk and swab samples for future 
research. Samples will remain under the possession and supervision of Dr. Anthony Hay. Should 
the stored samples be of clinical relevance to you in the future, you can obtain access to them by 
contacting Sarah Reyes. You have the right to withdraw your consent at any time by requesting 
that the samples be destroyed. Do you give us permission to use your milk and swab samples, 
including your infant’s mouth swab, for future research? 
 
I agree to allow use of my milk and swab samples, including my infant’s mouth swab, for future 
research. Please check Yes or No. 
 

 Yes – Please sign:        

 No  
 
Identification of contamination in milk 
We will notify you if we find illness-causing bacteria, such as Salmonella, in your milk. Be 
advised that as researchers, we are not trained to diagnose or treat medical conditions. If you are 
concerned that your baby might have consumed contaminated milk, we recommend you contact 
your child’s medical care provider for follow-up. You or your insurance company will be 
responsible for payment of any treatment.  
 
If you have questions 
Please ask any questions you have now. If you have questions later, you may contact Sarah 
Reyes at smr296@cornell.edu or at (208) 921-4967. If you have any questions or concerns 
regarding your rights as a subject in this study, you may contact the Institutional Review Board 
(IRB) for Human Participants at 607-255-6182 or access their website at 
http://www.irb.cornell.edu. You may also report your concerns or complaints anonymously 
through Ethicspoint online at www.hotline.cornell.edu or by calling toll free at 1-866-293-3077.  
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Assent to your baby’s participation in this study 
I agree to allow my baby’s mouth to be swabbed with a nylon flocked swab as part of this study. 
I understand this is the only way my baby will be asked to participate in this study. Please check 
Yes or No. 
 

 Yes – Please sign:        

 No  
 
Statement of Consent 
I have read the above information, and have received answers to any questions I asked. I consent 
to take part in the study.  
 
Your Signature         Date    
 
Your Name (printed)            
 
Signature of person obtaining consent      Date    
 
Printed name of person obtaining consent         
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APPENDIX D 

PUMPING AND MILK STORAGE PRACTICES QUESTIONNAIRE 

Section 1. Basic Information (collected BEFORE pumping)
 
From which breast would you like to donate your milk today?   ☐ Left 
 ☐ Right 
 
When was the last time you fed your baby directly at this breast? 
 

☐ <2 hours  ☐ 2-4 hours  ☐ >4 hours  ☐ My baby is only 
fed pumped milk 
 
When was the last time you pumped this breast? 
 

☐ <2 hours    ☐ 2-4 hours    ☐ >4 hours 
 
When was the last time you used any cream or lotions on your breasts? 
 

☐ Today  ☐ Yesterday  ☐ Day before yesterday or longer ☐ Don’t use 
 
 
Section 2. Basic Information (collected DURING first pumping session or pumping with Sterile 

pump)
 
What is your date of birth? ______________________ 
 
What is your baby’s date of birth? ______________________ 
 
Is your baby a boy or a girl?      ☐ Girl   ☐ Boy 
 
How was your baby delivered?     ☐ Vaginally  ☐ C-
section 
 
About how many pounds did you gain during pregnancy? ______________________ 
 
About how tall are you? ________________________________________________ 
 
About how much do you weigh currently? __________________________________ 
 
Do other children live in your home?     ☐ Yes   ☐ No 
 



Participant ID: _____________________________________________________ 
Researcher collecting information: __________________________________________________ 
Date:   ________________________________________________________________ 
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Do you have pets?       ☐ Yes   ☐ No 
 If yes, what kind?______________________________ 
 
Are you eligible for or currently participate in WIC?  ☐ Yes  ☐ No  ☐ 
Don’t know 
 
How do you describe your race/ethnicity (check all that apply): 
 

☐Caucasian/White 
☐ Black 
☐Asian/Pacific Islander 
☐ Hispanic/Latino 
☐Other, please specify: ________________________________________________ 

 
 
Have you taken antibiotics in the past 30 days? 
 If yes, what type? 
_____________________________________ 
 
Has your baby taken antibiotics in the past 30 days?  

If yes, what type/brand? 
________________________________ 
 
Are you on your period currently? 
 
Do you use antimicrobial hand soap at home? 
 
Do you use all-natural cleaning products? 
 

☐ Yes  ☐ No  
 

☐ Yes  ☐ No  

 

☐ Yes  ☐ No  

☐ Yes  ☐ No  

☐ Yes  ☐ No  
 
 
 

Section 3. Information about baby (Collected DURING first pumping session or pumping with 
Sterile pump) 

 
What developmental milestones has your baby achieved? (mark all that apply): 
 

☐ Reaching/grabbing for toys and bringing them to mouth 
☐ Rolling over 
☐ Sitting up 
☐ Crawling 
☐ Cruising/walking 

 



Participant ID: _____________________________________________________ 
Researcher collecting information: __________________________________________________ 
Date:   ________________________________________________________________ 
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Has your baby started eating solids or complementary foods?   ☐ Yes 
 ☐ No  
 
If yes, when was the last time your baby ate solid or complementary foods? 
 

☐ This morning   ☐Yesterday   ☐ Day before 
yesterday or longer 
 
What did s/he eat? 
_______________________________________________________________________ 
 
How often does your baby drink your expressed 
milk?____________________________________________ 
 

☐ <1 day per week  
☐ 1-2 days per week  
☐ 3-4 days per week  
☐ 5 days per week  
☐ >5 days per week  

 
On the days your baby drinks your expressed milk, about how many feedings does s/he get your 
milk from a bottle? 
 

☐ 1   ☐ 2   ☐ 3    ☐ 4 or more 
 
 
On the days your baby drinks your expressed milk, about how many hours does your baby go 
between feeds at the breast? 
 

☐ <2 hours  
 ☐ 2-4 hours  

☐ 5-7 hours  
☐ >7 hours  

 ☐ Not applicable, I only feed my baby breast milk from a bottle  
 
When was the last time your baby drank your pumped milk? 
 

☐ This morning   ☐Yesterday   ☐ Day before 
yesterday or longer 
 
How old was this milk? 
 

☐ <2 hours  



Participant ID: _____________________________________________________ 
Researcher collecting information: __________________________________________________ 
Date:   ________________________________________________________________ 
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 ☐ <24 hours  
☐ 1-3 days  
☐ >3 days  

 
How was this milk stored? 
 

☐ Room temperature   ☐ Refrigerator   ☐ Freezer 
 
Does your baby suck his/her thumb? 
 
 ☐ Yes  ☐ No 
 
Does your baby use a pacifier? Yes, often; Yes, infrequent; No 
 

☐ Yes, frequently   ☐ Yes, infrequently   ☐ No 
 
For the purpose of this questionnaire, any child care setting where 2 or more non-related children 
are cared for by someone other than the mother, and outside of the child’s home, is considered 
day care. Does your baby attend day care currently? 
 
 ☐ Yes  ☐ No 
 
If your baby attends child care, when was the last time s/he attended day care? 
 

☐ Yesterday  ☐ Day before yesterday  ☐ Longer than the day before 
yesterday 
 
 
Comments: 
 
 
 
Section 4. Information about Pumping and Storing pumped milk (Collected DURING pumping 

with Own pump) 
 
Would you consider yourself a(n): 
 

☐ Episodic or infrequent pumper  ☐ Regular pumper   ☐ Exclusive 
pumper  

 
What type of pump did you use to collect this milk? Please give brand and model (e.g. Medela 
Pump-in-Style): 
 



Participant ID: _____________________________________________________ 
Researcher collecting information: __________________________________________________ 
Date:   ________________________________________________________________ 
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______________________________________________________________________________
__________ 
 
Did you purchase or receive this pump new or used?   ☐ New ☐ 
Used 
 
How often have you use this pump in the past 2 weeks? 
 

☐ Daily  
 ☐ Most days (~4-5 times per week) 

☐ 2-3 days each week  
☐ <2 days each week  

 
When was the last time you used this pump? 
 

☐ Today 
 ☐ Yesterday 

☐ 2-3 days ago 
☐ >4 days ago 

 
When was the last time the pump bottles and shields used today were 
washed?________________________ 
  

How did you wash them?  ☐ By hand  ☐ Dishwasher  
Did you use dish detergent?   ☐ Yes   ☐ No  
Where were they washed?  ☐ Home  ☐ Work 
Which sink did you use?  ☐ Kitchen  ☐ Bathroom   ☐ 

Other 
 

 
When was the last time the pump tubing that connects the pump to the shield 
washed?__________________ 

 
How did you wash it?   ☐ By hand  ☐ Dishwasher  
Did you use dish detergent?   ☐ Yes   ☐ No  
Where was it washed?  ☐ Home  ☐ Work 
Which sink did you use?  ☐ Kitchen  ☐ Bathroom   ☐ 

Other 
 
Can you describe your usual storage and handling practices (including temperature and duration 
of storage?) 
  



Participant ID: _____________________________________________________ 
Researcher collecting information: __________________________________________________ 
Date:   ________________________________________________________________ 
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Would you say the milk fed to your baby is most often stored at: 
 

☐ Room temperature  ☐ Refrigerator  ☐ Freezer 
 
What type of freezer do you usually store your milk? 
 

☐ Refrigerator/freezer combo ☐ Chest freezer  ☐ Other 
 
If other, please describe: _________________________________________ 

 
 
Does your freezer have auto-defrost? 
 

☐ Yes    ☐ No    ☐ Don’t know 
 
If you plan to freeze your milk, how many days do you usually leave your pumped milk in the 
refrigerator before freezing it? 
 

☐ <1 day  
☐ 1-2 days  
☐ 3-4 days  
☐ 5 days  
☐ >5 days  

 
Do you ever combine milk from more than 1 session of pumping?    ☐ New☐ 
Used 
  

If yes, please describe how this is done: Please include at what temperature you store 
your milk between pumping sessions, how long it is stored, and how many pumping 
sessions you usually combine together.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



Participant ID: _____________________________________________________ 
Researcher collecting information: __________________________________________________ 
Date:   ________________________________________________________________ 
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Would you say you are less careful about how your milk is stored if you know your baby isn’t 
going to drink it? 
 

☐ Yes ☐ No 
 
Have you ever thrown out your breast milk because you thought it was unsafe?  ☐ Yes ☐ No 
 
Has your breast milk ever smelled or tasted “off” after storage?    ☐ Yes ☐ No 
 
Have you ever thrown out your breast milk because had an “off” smell or taste after storage? 
 

☐ Yes  ☐ No 
 
Do you plan to or have ever shared your milk?      ☐ Yes ☐ No 
 

If yes, did you give your milk to a milk bank or someone else?  
 
☐ Milk bank  ☐ Someone else 

 
Comments: 
 
 
 
 
 
 
  



Participant ID: _____________________________________________________ 
Researcher collecting information: __________________________________________________ 
Date:   ________________________________________________________________ 
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Section 3: First Pumping Session 
 
[FOR THE RESERACHER TO COMPLETE. DO NOT ORALLY ADMINISTER THESE 
QUESTIONS.] 
 
You were randomly assigned the following pump to use first: ☐ Own ☐ Sterile 
 
From which breast was the donated milk pumped?   ☐ Left   ☐ 
Right 
 
What was the total volume of milk pumped? ______________________________ 
 
*Did the woman was her hands immediately before pumping?   ☐ Yes 
 ☐ No  
 *Did she use soap?        ☐ Yes 
 ☐ No 
 
 
*Please describe this woman’s practices for pumping and handling her milk: 
 
 
 
 
 
 
*Please describe any other behaviors used to pump, handle, and store this milk that you (the 
researcher) feel may influence the type of bacteria present: 
 
 
 
 
 
 
*Information only collected when woman pumps with her own pump. 
 
Biological samples to be collected: 
 
☐ Breast swab:    Left or right?____________________ 
☐ Dominant hand swab:  Left or right?____________________ 
☐ Swab of bottle and flange 
☐ Swab of pump and tubing 
☐ Milk sample:    ☐ Own (t0)  ☐ Sterile (t0)  



Participant ID: _____________________________________________________ 
Researcher collecting information: __________________________________________________ 
Date:   ________________________________________________________________ 
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Section 3: Second Pumping Session 
 
[FOR THE RESERACHER TO COMPLETE. DO NOT ORALLY ADMINISTER THESE 
QUESTIONS.] 
 
The pump used second:      ☐ Own  ☐ 
Sterile 
 
From which breast was the donated milk pumped?   ☐ Left   ☐ 
Right 
 
What was the total volume of milk pumped? ______________________________ 
 
*Did the woman was her hands immediately before pumping?   ☐ Yes 
 ☐ No  
 *Did she use soap?        ☐ Yes 
 ☐ No 
 
 
*Please describe this woman’s practices for pumping and handling her milk: 
 
 
 
 
 
 
 
 
*Please describe any other behaviors used to pump, handle, and store this milk that you (the 
researcher) feel may influence the type of bacteria present: 
 
 
 
 
 
*Information only collected when woman pumps with her own pump. 
 
 
Biological samples to be collected: 
 
☐ Swab of bottle and flange 
☐ Swab of pump and tubing 
☐ Milk sample:    ☐ Own (t0)  ☐ Sterile (t0)  



Participant ID: _____________________________________________________ 
Researcher collecting information: __________________________________________________ 
Date:   ________________________________________________________________ 
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Section 4: Subsequent Collection Visits 
 
Date:____________________________   Researcher collecting 
information:______________ 
 
 
Please describe this woman’s practices for handling her milk since the last sample was taken: 
 
 
 
 
 
How has this milk been stored? 

Refrigerator  ☐ Yes  ☐ No  How 
long?________________________ 
Cooler     ☐ Yes  ☐ No  How 
long?________________________ 
Room Temperature  ☐ Yes  ☐ No  How 
long?________________________ 

 
 
 
Have you or your baby been sick since the last visit?     ☐ Yes ☐ No  
 If yes, please describe symptoms and date of onset: 
 
 
 
Comments: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Biological samples to be collected: 
☐ Milk Samples:   ☐ t2  ☐ t4   ☐ t30  ☐ F0
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APPENDIX E 

SUPPLEMENTARY TABLES 
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Supplementary Table 1. Creation of cleaning practice variables 

 Predetermined categories Unexpected practices1   

ID 
Dishwasher 
(entire kit) 

Hand-
washed  

w/detergent 
(entire kit) 

Rinsed 
only  

(entire kit) 

Other 
sterilization 

method 
(entire kit) 

Multiple 
practices 

(entire kit) 

Different 
practices for 

different 
parts of kit Comments Recorded as 

A001 
 

X 
 

Home-washed or -rinsed 
A003 X 

  
Home-sterilized 

A005 
 

X 
 

Home-washed or -rinsed 
A007 

  
X Hand-washed + microwave 

sterilization bag 
Home-sterilized 

A009 
 

X 
 

Home-washed or -rinsed 
A011 

 
X 

 
Home-washed or -rinsed 

A013 X Home-washed or -rinsed 
A015 X Home-washed or -rinsed 
A017 X Home-washed or -rinsed 
A019 X Boiled night before but rinsed in 

AM; water visible in bottle 
Home-washed or -rinsed 

A021 X Home-sterilized 
A023 X Sterilized night before, then 

pumped once 
 overnight and rinsed milk 
collection kit with hot water 
only before pumping for study 

Home-washed or -rinsed 

A025 X Flanges: Hand-washed + 
microwave sterilization bag;  
Bottles: dishwasher 

Home-sterilized 

A027 X Home-washed or -rinsed 
A029 

 
X 

 
Home-washed or -rinsed 

A031 
  

X Bottles: boiled;  
Flanges: by-hand w/detergent 

Home-washed or -rinsed 

Table continues 
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Supplementary Table 1. continued 
 Predetermined categories Unexpected practices1   

ID 
Dishwasher 
(entire kit) 

Hand-
washed  

w/detergent 
(entire kit) 

Rinsed 
only  

(entire kit) 

Other 
sterilization 

method 
(entire kit) 

Multiple 
practices 

(entire kit) 

Different 
practices for 

different 
parts of kit Comments Recorded as 

A033 
  

X Boiled entire kit Home-sterilized 
A035 

 
X 

 
Home-washed or -rinsed 

A037 
  

X Washed in dishwasher night 
before but rinsed in AM; water 
visible in bottle 

Home-washed or -rinsed 

A039 X 
  

Home-sterilized 
A041 

  
X Hand-washed + microwave 

sterilization bag 
Home-sterilized 

A043 X Home-washed or -rinsed 
A045 X Home-washed or -rinsed 
A047 X Home-washed or -rinsed 
A049 X Home-sterilized 
A051 X Home-washed or -rinsed 
A053 X Home-sterilized 
B002 X Home-washed or -rinsed 
B004 X Washed in dishwasher several 

days before but rinsed before 
use 

Home-washed or -rinsed 

B006 X Home-washed or -rinsed 
B008 X Bottles: washed in dishwasher;  

Flanges: by-hand w/detergent 
Home-washed or -rinsed 

B010 X Home-washed or -rinsed 
B012 

 
X 

 
Home-washed or -rinsed 

B014 
 

X 
 

Home-washed or -rinsed 
B016 

 
X 

 
Home-washed or -rinsed 

B018 
 

X 
 

Home-washed or -rinsed 
B020 

  
X Steam-sterilized using 

microwave sterilization bag 
Home-sterilized 

Table continues 
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Supplementary Table 1. continued 
 Predetermined categories Unexpected practices1   

ID 
Dishwasher 
(entire kit) 

Hand-
washed  

w/detergent 
(entire kit) 

Rinsed 
only  

(entire kit) 

Other 
sterilization 

method 
(entire kit) 

Multiple 
practices 

(entire kit) 

Different 
practices for 

different 
parts of kit Comments Recorded as 

B022   X     Home-washed or -rinsed 
B024 

  
X Bottles: washed in dishwasher;  

Flanges: by-hand w/detergent 
Home-washed or -rinsed 

B026 
  

X Boiled entire kit Home-sterilized 
B028 

 
X 

 
Home-washed or -rinsed 

B030 
 

X 
 

Home-washed or -rinsed 
B032 

 
X 

 
Home-washed or -rinsed 

B034 
  

X Washed by hand, then in 
dishwasher, then microwave 
sterilized 

Home-sterilized 

B036 X Home-washed or -rinsed 
B038 X Home-washed or -rinsed 
B040 X Home-sterilized 
B042 X Home-washed or -rinsed 
B044 X Home-washed or -rinsed 
B046 X Washed by hand ~4 days 

before; researcher (SMR) 
observed mom rinsing before 
pumping; water visible in bottle 
before she pumped 

Home-washed or -rinsed 

B048 X Home-washed or -rinsed 
B050 X Washed by hand, then sterilized 

and stored in a plastic grocery 
bag for several weeks; rinsed 
this morning 

Home-washed or -rinsed 

1Practices that did not fall into predetermined categories. Information was obtained via questionnaire (see Appendix D). Questions were asked open-ended, 
which allowed each participant to describe her actual practices. When the practices she described fell within only one of the predetermined categories, it was 
recorded according to the predetermined responses. Unexpected practices included: other sterilization method used for the entire kit other than washing in the 
dishwasher, multiple cleaning practices used to clean the entire kit (e.g., first by hand, then in the dishwasher, and finally in a microwave sterilization bag), and 
different practices for different parts of the milk collection kit (e.g., washing pump bottles in the dishwasher but handwashing the flanges and shields). 
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Supplementary Table 2. PERMANOVA results for Chapter 3 

Pairs F-Model R2 p value q value 

Infant oral cavity v. collection kit 34.1 0.26 0.001 0.003 
Infant oral cavity v. areola 30.8 0.24 0.001 0.003 
Infant oral cavity v. hand 58.6 0.38 0.001 0.003 
Infant oral cavity v. milk 22.6 0.18 0.001 0.003 
Infant oral cavity v. pump 24.2 0.20 0.001 0.003 
Collection v. areola 0.44 0.0044 0.8 0.8 
Infant oral cavity v. hand 2.4 0.024 0.06 0.1 
Infant oral cavity v. milk 1.8 0.018 0.1 0.2 
Infant oral cavity v. pump 1.3 0.013 0.2 0.3 
Areola v. hand 2.3 0.024 0.08 0.1 
Areola v. milk 1.6 0.016 0.2 0.2 
Areola v. pump 0.75 0.0077 0.5 0.6 
Hand v. milk 6.9 0.66 0.002 0.005 
Hand v. pump 4.8 0.49 0.008 0.02 
Milk v. pump 0.41 0.0042 0.8 0.7 

Related to Figure 8. 
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Supplementary Table 3. Effect of 4 days of refrigeration on presence/absence of bacterial taxa in milk collected with own 
supplies 

ASV ID Taxon lineage Genus 

Average 
counts own 

supplies 
Day 0 

Average 
counts own 

supplies 
Day 4 

Fold change 
above detection 
limit of 3 reads 

c8a56f6c216a63fcc1770a1ef4fc3c5b Proteobacteria – Pseudomonadaceae Pseudomonas  ND 17.2 5.7 

dce804d48a728ea1f4146674a739bb92 Proteobacteria – Pseudomonadaceae Pseudomonas ND 15.3 5.1 

6f1df188d2951544e3b2dfa7274841af Firmicutes – Family XI Anaerococcus  ND 7.2 2.4 

dd7e7de7c0ad4f4c37301448faed6686 Firmicutes – Staphylococcaceae Staphylococcus  24.7 ND 8.2 

cbe3ebce0f2ec06911ca9e558d508f31 Firmicutes – Staphylococcaceae Staphylococcus  10.4 ND 3.5 

6b44c67caae7569a12d3086ab9de3074 Firmicutes – Staphylococcaceae Staphylococcus  9.5 ND 3.3 

fca6db176ef816a5076418195fe09461 Firmicutes – Staphylococcaceae Staphylococcus  8.9 ND 3.0 

435b5ee25dd7c81ffa1a5e52dc794c51 Proteobacteria – Comamonadaceae Limnohabitans  6.7 ND 2.2 

ND = not detected (zero reads detected). Data rarified at 4,721 sequences/sample.  
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Supplementary Table 4. Effect of 4 days of refrigeration on presence/absence of bacterial taxa in milk collected with sterile 
supplies 

ASV ID Taxon Lineage Genus 

Average 
counts 
sterile 

supplies 
Day 0 

Average 
counts 
sterile 

supplies 
Day 4 

FC above 
detection 
limit of 3 

reads 

7d416aa2679aecbbf63227b1d0ecaf72 Unidentified Bacteria Unidentified Bacteria ND 6.8 2.3 

0dd40026c3b735b07f452f74826af9b5 Firmicutes - Staphylococcaceae Staphylococcus ND 7.9 2.7 

eeed0cd3b5f6c73c805b9fa46c899631 Firmicutes - Streptococcaceae Streptococcus ND 8.7 2.9 

f1dbe6623e663231500de8a85eb1c401 Proteobacteria - Enterobacteriaceae Unidentified ND 12.3 4.1 

3abe7335bc1f3b8dcb7db756d39ad32a Firmicutes - Streptococcaceae Streptococcus  ND 17.0 5.7 

013ce62e57fbea7898f74b39aad9736c Firmicutes - Streptococcaceae Streptococcus ND 21.6 7.2 

f1c525532873badd6f2ab9885b0c8d42 Proteobacteria - Pseudomonadaceae Pseudomonas ND 32.4 10.8 

1e002095b1f95aa73df22cf53653519e Firmicutes - Staphylococcaceae Staphylococcus 16.9 ND 5.6 

ND = not detected (zero reads detected). Data rarified at 4,721 sequences/sample. 
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Supplementary Table 5. Effect of 4 days of refrigeration followed by 26 days of freezing on presence/absence of bacterial taxa 
in milk collected with own supplies 

ASV ID Taxon lineage Genus 

Average 
counts own 

supplies 
Day 4 

Average 
counts own 

supplies 
Day 30 

Fold change 
above 

detection limit 
of 3 reads 

6fb5b57a23dc898a2bc8f6d17b59de97 Proteobacteria - Rhodobacteraceae Amaricoccus  ND 40.5 13.5 

6f1df188d2951544e3b2dfa7274841af Firmicutes - Family XI Anaerococcus  7.2 ND 2.4 

c8a56f6c216a63fcc1770a1ef4fc3c5b Proteobacteria - Pseudomonadaceae Pseudomonas 17.2 ND 5.7 

fae89aef7f8fd2904e8a4d970437daa5 Proteobacteria - Pseudomonadaceae Pseudomonas 59.6 ND 19.9 

ND = not detected (zero reads detected). Data rarified at 4,721 sequences/sample. 
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Supplementary Table 6. Effect of 4 days of refrigeration followed by 26 days of freezing on presence/absence of bacterial taxa 
in milk collected with sterile supplies 

ASV ID Taxon lineage Genus 

Average 
counts sterile 

supplies  
Day 4 

Average 
counts sterile 

supplies  
Day 30 

Fold change 
above 

detection 
limit of 3 

reads 

760cb2f9c09dfbaf6ba91e48da958cca Actinobacteria - Actinomycetaceae Actinomyces ND 9.5 3.2 

c8a56f6c216a63fcc1770a1ef4fc3c5b Proteobacteria - Pseudomonadaceae Pseudomonas ND 17.6 5.9 

33f727a9fddabeeb14568349efc52ae6 Cyanobacteria - Family II Chroococcidiopsis ND 18.8 6.3 

7fcd8ddf5cec8cc150b2458ac1be9f88 Actinobacteria - Actinomycetaceae Actinomyces ND 19.4 6.5 

fae89aef7f8fd2904e8a4d970437daa5 Proteobacteria - Pseudomonadaceae Pseudomonas ND 70 23.3 

abdea3be757e2a703c571ac382864f27 Firmicutes - Staphylococcaceae Staphylococcus 6 ND 2 

7d416aa2679aecbbf63227b1d0ecaf72 Unidentified Bacteria Unidentified Bacteria 6.8 ND 2.3 

0dd40026c3b735b07f452f74826af9b5 Firmicutes - Staphylococcaceae Staphylococcus 7.9 ND 2.6 

29e547ce9b2e9c73417848feee5aeeab Proteobacteria - Enterobacteriaceae Unidentified 10 ND 3.3 

5d55acbaa5985f5b0e80542e6dc3eae4 Firmicutes - Streptococcaceae Streptococcus 13.6 ND 4.5 

3abe7335bc1f3b8dcb7db756d39ad32a Firmicutes - Streptococcaceae Streptococcus 17 ND 5.7 

ND = not detected (zero reads detected). Data rarified at 4,721 sequences/sample. 
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APPENDIX F 

SUPPLEMENTARY FIGURES 

 
  



 

191 

 

Supplementary Figure 1. Rarefaction plot. Rarefaction plot of Shannon Index by participant 
ID confirms that rarefaction depth of 1,041 provides adequate sampling depth to be confident in 
diversity estimates. 
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Supplementary Figure 2. Sequences flow diagram for Chapter 2. 
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Supplementary Figure 3. Sequences flow diagram for Chapter 3. 
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Supplementary Figure 4. Conceptual framework. (E)HM = (Expressed) Human Milk, solid boxes indicate measured variables; 
dotted boxes indicate unmeasured variables.
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Supplementary Figure 5. Sequences flow diagram for Chapter 4. 
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Supplementary Figure 6. Total aerobic bacterial counts in home-refrigerated milk collected 
with women’s own supplies. Values plotted are on the log scale; Y axis formatted to show 
original values. For example, a point corresponding to 104 CFU/mL is a log-transformed value of 
4. Panel A shows all samples (n = 51) colored by the trends in growth. Pink denotes a consistent 
upward trend in bacterial growth, blue denotes a trend in growth from 0 to 2 days of refrigeration 
followed by a decline in bacterial viability from 2 to 4 days. Black denotes an overall downward 
trend in bacterial viability. Gold denotes a downward trend from 0 to 2 days of refrigeration 
followed by a slight increase in bacterial growth from 2 to 4 days. Panel B shows each trend 
pattern separately. Notably, all samples demonstrating an upward trend had excessive bacterial 
growth (≥104 CFU/mL) at day 0. 
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Supplementary Figure 7. Total aerobic bacterial counts in home-refrigerated and -frozen 
milk collected with women’s sterile supplies. Values plotted are on the log scale; Y axis 
formatted to show original values. For example, a point corresponding to104 CFU/mL is a log-
transformed value of 4. Pink line indicates one sample with bacterial growth above 104 CFU/mL. 
Panel A shows data for home refrigeration (n = 51). Panel B shows data for home freezing (n = 
50); note one observation was missing. CFU = colony-forming units. 
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Supplementary Figure 8. Total aerobic bacterial counts in home-frozen milk collected with 
women’s own supplies. Values plotted are on the log scale; Y axis formatted to show original 
values. For example, a point corresponding to 104 CFU/mL is a log-transformed value of 4. 
Panel A shows all samples (n = 51) colored by the trends in growth. Pink denotes an upward 
trend in bacterial growth, blue denotes a downward trend in bacterial viability. Black denotes a 
flat trend. Panel B shows each trend pattern separately. 
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APPENDIX G 

WHOLE-GENOME SEQUENCING OF 5 COLONIES FROM A SINGLE MACCONKEY’S 

AGAR PLATE 

This appendix provides results from whole-genome sequencing we conducted on 5 

colonies that grew on a single MacConkey’s agar plate. On this plate, we cultured milk collected 

from participant B006’s own supplies. 

The vast majority of milk samples that were culture-positive for gram-negative bacteria 

were collected with women’s own supplies. In contrast, milk from the same women collected 

with sterile supplies were almost universally culture-negative for gram-negative bacteria. Given 

that our planned bacterial analyses would not provide strain-level information, we decided to 

sequence 5 colonies on a single plate. We chose to sequence colonies from B006 because we felt 

it was representative of the phenotypes we observed during counting. 

Results from this analysis confirmed species of Pseudomonas, Acinetobacter, and 

Klebsiella were alive in milk collected with B006’s own supplies (Appendix Figure 1). In 

contrast, milk collected from B006 with sterile supplies was culture-negative for gram-negative 

bacteria. Thus, we conclude pumping with her own supplies caused B006 to contain these 

bacteria. This is consistent with data presented in Chapter 2. 
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Appendix Figure 1. Results of whole-genome sequencing of selected colonies from a single 
plate of MacConkey’s agar from milk collected from participant B006’s own supplies. 

 


