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I’m Dr. Sue Ishaq, Assistant Professor of Animal and Veterinary Sciences at the University of Maine.  I’ve been here since Sept 2019, and I’m delighted to be able to share my science story thus far.  I’d like to thank UMaine Medicine for inviting me to do so today.

You can catch me on social media @DrSueIshaq, or contact me by email to sue.Ishaq@maine.edu  Today, I’ll be giving us a crash course in the gut microbiome, so buckle up. 
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The main thread to my narrative today is that diversity leads to functionality, and that plays out in my career path, my scientific theory, and in the research community that I build around me.
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My journey started at the University of Vermont, where I went for a bachelor’s in animal science and went back a few years later to get my PhD in animal, nutrition, and food sciences. But, my work there actually focus on the gut microbiota in moose, Alces alces.  That work culminated in a probiotic using moose rumen bacteria to try and improve growth in lambs.  From there, I went to Bozeman Montana for two post doc positions.  The first was focused on data analysis of microbial communities from the gut, soil, water, and more.  Then I took my first left turn and took a posting in a plant ecology lab looking at soil bacterial communities associated with wheat under different farming practices and simulated climate change. Then I took another left turn and took a research assistant professor position at the University of Oregon in the Biology and Built Environment Center.  There, I worked on microbes in indoor dust, and which microbes we are picking up or putting down. Dust might seem like a weird thing for me to study, but it’s a lot more similar to soil and feces than you want to think about.
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Finally, I took two more left turns and got back to where I started, in gut microbiology. I’ve been at UMaine since sept 2019, and I have curated two lab spaces for my work.  The first is a clean space that hosts the genomics work I do, as well as the cell culture space that is housed there.  The second is a dirty space for microbiology, and includes an anaerobic chamber so we can grow fussy gut microbes.  You can take a virtual tour of those spaces by checking out my professional website, sueishaqlab.org.

https://sueishaqlab.org/lab-space/
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While all those postings might sound like they have nothing in common, they all involved understanding and managing microbial ecosystems.  And, except for the moose project, all that work involved microbial ecosystems which had been altered in some way by human influence
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Microbiome might not sound like a familiar term, but it’s a relatively new word for research that’s been going on for decades. If you’ve seen photos like these, in which a human or animal silhouette is filled in with microbes, then you might have heard the word microbiome on the news talking about health. Well, I work on microbiomes, which are the collection of microbes that live in or on you, and all their genomes.  It’s important to think about all the genes present in a host ecosystem, because microbes can have very plastic genomes and activity.

https://www.andrewrae.info/
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And the functionality of that microbiome can be pretty important for the host.  Microbiota on humans, animals, and plants are ubiquitous and pervasive, and importantly, integral to a lot of the functionality of that host.  In fact, studies with animals that are raised without the presence of any microbes results in those animals requiring a specialized diet because they can’t digest certain nutrients, and it requires certain living conditions and care because their immune systems do not develop properly.  




 Host-specific research is needed
Microbial communities vary by host
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And more than that, the host microbiome means something slightly different to each animal species and individual.  For example, a meta-analysis of rumen microbiota by Henderson et al. found that host species was a strong determinant for that gut community.  On the left we are looking at an ordination plot. Each dot represents one entire bacterial community from one host.  Dots which are closer together have more similar communities than dots which are further apart. The dots are colored by animal species and typical diet, and the authors have provided a helpful dotted line showing delineation of the microbial communities by that host species. 

On the right we are looking at bacterial communities in the rumen of moose, identified at the phylum level if you can read that very small text.  This graph is just to illustrate that even individuals in the same species on somewhat similar diets can have very different microbes.
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Some of the questions I get a lot include: What do you do with this information? What do you actually study? 
To answer that question, I’m going throw out these three vague buzzwords: spatial, temporal, and dynamic.
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Does anatomical location matter to microbes?
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One of things I study is the surprisingly common question in host-associated microbiology about whether the anatomical location in the host really matters to the microbe or if can you find any microbe anywhere? In the past, it was presumed that the constant mixing of gut contents would also homogenize the microbial diversity. 
And, it was assumed that what goes in must come out the other end.  So it became very common to sample feces as a proxy for the rest of the digestive tract.  Unfortunately, that is demonstrably not true for many animal species, especially those ruminants with a complex gut microbiota. 
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Thus, anatomical location matters for sampling. 



 The gut is a series of ecosystems featuring 
different microbial communities
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The digestive tract is incredibly varied by organ and it creates different ecosystems along the tract which are going to be more or less hospitable to different microbes. Even in the four chambers of the ruminant stomach, shown here in these photos, the topography of the digestive tract wall is vastly different in each chamber. 

http://www.vivo.colostate.edu/hbooks/pathphys/digestion/herbivores/rumen_anat.html
https://www.indiamart.com/proddetail/buffalo-omasum-18916401191.html
http://www.vivo.colostate.edu/hbooks/pathphys/digestion/herbivores/rumen_anat.html
http://beefambassador.com/2015/01/the-amazing-ruminant/
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If you look at the bacterial communities along the entire digestive tract, you can better see the pattern of the gut as ecosystems. This is one of the studies I contributed to as a post-doc.

All the way on the right side of the graph we start in the rumen, and as we move left we go through the digestive tract and out as feces.  You can see the color profile of those bacterial communities change as we start in the rumen and go though those four stomach chambers, then through the intestines, and again out as feces, because each anatomical location creates a different habitat that recruits different microbes.
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Not only is that bacterial community going to be different by anatomical location, but we don’t see much of a source sink effect.  This graph compares bacteria that were identified along the GI tract in calves and is that same study we just looked at.  Yellow shows the number of bacterial taxa found in an upstream anatomical location, and blue shows the number of bacterial taxa found in the next anatomical location downstream.  The dark green is the number of taxa which were shared between those two adjacent locations, and you can see that the shared portion is just a sliver in the chambers of the ruminant stomach, and almost nonexistent in the intestines. Thus, we are not seeing a lot of bacterial community similarity based solely on washout through the digestive tract.
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Ok great, so certain microbes live in certain parts of the gut. So what?  Well, that matters very much if that microbe is digesting part of the diet or producing a product which is beneficial to the host, because the host might not be able to even absorb and use that systemically depending on where in the tract you are looking at.  

As of this past year, I am part of an ongoing research collaboration led by Dr. Yanyan Li at Husson University that investigates this idea of spatial specificity in microbial presence and activity which can impact the ability of the host to take advantage of beneficial microbial byproducts.  We don’t have any results that we can share at this time, but stay tuned.



Day is strong predictor of community variation in 
digesta but not mucosal-association populations
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So what about our second buzzword: temporal? Going back to that study on the bacterial communities along the GI tract of calves, we didn’t just look at organ location, but we also looked at communities in the digesta versus in the mucus layer associated with the epithelia of the host.  And, we looked at these communities over 21 days of life.

This spatial and temporal resolution revealed a really important result, which was that those bacteria in the digesta were much more variable by day than those communities which associated with the host epithelia.  In the figure on the left, we are looking at another ordination plot of bacterial communities in the digesta portion of the calf GI tract, colored by day of life.  You can see a clear color pattern from red, to yellow, to green, to blue showing a trend over time.  On the figure on the right, we are looking at bacterial communities from the mucosal-associated portion, and there is no clustering by day for the calf samples.



Time can help you trace microbial transfer

17Ishaq et al. in review

Tem
poralDo necromenic nematodes vector environmental bacteria 

into invasive ants and contribute to colony collapse?

Presenter
Presentation Notes
Time is also a critical element when investingating microbial transfer.  For example, when asking whether infection by necromenic nematodes vectors envionmental bacteria into invasive ants in Maine and contribute to colony colapse? 

This research question was first asked by Dr. Patricia Stock at the University of Arizona, and Dr. Eleanor Groden, at the University of Maine.  Dr. Groden later incorporated Dr. Jean MacRae and myself, both at the University of Maine, followed by University of Maine graduate students Alice Hotopp and Sam Silverbrand under my supervision. 

We know that nematode infection itself doesn’t cause the invasive ant colonies to collapse.  However, soil hosts many bacterial species which may be pathogenic to specific insect hosts, or in conjunction with other microbial inhabitants of that host. An infection or other disruption to the functionality of a host’s microbiota could negatively impact fitness and survival.

Thus, we hypothesized that perhaps nematodes were transferring environmental bacteria into the ants where they might cause infection or disruption of the ant microbiota.
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Patial experimental methods
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Some of that study involved comparing bacterial communities to track the potential for bacterial transfer. Invasive fire ants were collected from 3 collapsed colonies in coastal Maine, from Mount Desert Island.  Ants were housed under laboratory conditions until they died, at which point nematodes that emerged from the cadavers were collected.  Bacterial communities were identified using 16S rRNA gene sequence analysis, performed in the R programming platform with the DADA2 pipeline and several other code packages.   We identified bacteria from ants and nematodes from those 3 field sites, as well as from nematode-infected waxworm larvae and non-infected control larvae in the laboratory.  Detailed methods are available in our scientific article under review, available now as a preprint through Research Square.
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In this study, even though there were not large-scale differences in bacterial communities from different field sites, there was one bacterial sequence variant which was shared across ants, nematodes, and nematode-infected waxworm larvae in the laboratory.  This shared bacteria was identified as Serratia marcescens (sare-a-tia mar-se-sens), which is commonly found in soil and in insects.  Serratia marcescens had previously been cultured from field-collected nematodes in the work which preceded this study.

https://commons.wikimedia.org/wiki/File:Serratia_marcescens.jpg
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Alternative to the original hypothesis that nematodes were transferring bacteria from environment to host, as a way of contributing to colony collapse, we considered whether nematode exposure might instead disorder or depauperate the bacterial community of an insect host.  It is known that animal hosts rely on their microbiota for a variety of functions, including assistance in diet digestion and controlling host pathogens.  Altering the makeup of this host community could thereby reduce host fitness if digestion, health, or other host functions are limited.

While total bacterial diversity was not statistically lower in nematode-exposed waxworm larvae when compared to controls, 16 bacterial sequence variants were less abundant in those nematode-exposed larvae, and three bacterial sequence variants were increased, identified at the genus level as Serratia, Pseudomonas, and Proteus.
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Conclusions
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While only a fraction of the total study was presented here, we can begin to answer our research question, about whether a necromenic nematode could be vectoring environmental bacteria to invasive ants and contributing to colony collapse.

Is it plausible that these nematodes are vectoring bacteria, based on the shared bacterial sequences we identified in this portion of the study, as well as previous work identifying that nematodes could acquire living bacteria from their environment.

It is also plausible that the bacterial vectoring caused by nematode infection could contribute to mortality, based on the identity of bacteria in this study, as well as previous work on mortality in waxworm larvae by field collected nematodes.
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The element of time is really important when you are considering how microbial communities form, and how they persist over time, especially if you want to understand how and why they change. 

Also as of this past year, I am part of a research collaboration with Drs. Tim Bowden and Jen Perry here at UMaine in SFA, and Dr. Brian Beal at the Downeast Institute.  While still under development, we want to know how host-associated microbial communities form in animals raised in aquaculture facilities and how and when that microbiota assembly might fail and trigger host die-off.
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What happens when you take microbes from an 

efficient herbivore and give it to another animal?
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The third and final buzzword I wanted to throw around was dynamic, because as we’ve heard so far, the gut ecosystem can be a really dynamic place.  And in trying to understand how to study it, we need research tools and methods which allow us to mimic that dynamic action. 

Since I don’t have any current results on this to show you, because, well, it’s 2020, I thought I would illustrate this point with a throwback to my PhD work.  That work culminated in project taking bacteria that had been isolated from the rumen of moose in Vermont, and selecting 5 isolates to make a probiotic to give to lambs to improve growth.  




Moose probiotics: Hypotheses
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We hypothesized that giving neonate lambs these fibrolytic bacteria from moose would not only improve their bacterial diversity, but it would improve weight gain and wool growth.  After all, moose subsist on a very fibrous diet with low nutritional content, and yet they grow to massive sizes.  It stands to reason that moose microbes must be highly efficient, and perhaps that digestive efficiency would also transfer when you transferred the microbes.



Decided to give fibrolytic probiotic during development 
and before the rumen microbiota has established 

Image: Penn State
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We decided to give this fibrolytic probiotic during early life before weaning when the non-functional rumen is still growing and developing.  Neonate ruminants have what’s called an esophageal groove, which shunts milk past the rumen and reticulum and into the omasum and abomasum. During weaning, the groove will close and solid food will go into the rumen.  A diverse microbial community will be recruited to the rumen and reticulum, which are primarily acting to ferment plant fiber in the diet and provide most of the nutrition for that host.  Since mammals can’t make the enzymes needed to break down fiber, ruminants are reliant on their microbial friends.

Even though our lambs wouldn’t be eating solid food for weeks, we wanted our bacteria to have a chance to acclimate to the host and gain a foothold before a diverse consortium was recruited into the rumen that would be difficult to break into.



 Did it work? Sort of. 
Why it didn’t work is a more interesting story…

Improved in Probiotic lambs No Difference

Reduced rearing costs
enough to offset cost of adding probiotic?

Weight

Reduced acetate to propionate ratio 
increased dietary efficiency

Couldn’t find our 
probiotic in the 
rumen

Total wool growth Most bacterial 
community metrics

Increased wool diameter (ns)
higher calorie intake or increased dietary 
efficiency

Methanogen and 
methanogen 
density
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Overall, giving moose rumen bacteria to neonate lambs did improve a number of factors which point to increased feed efficiency, although we didn’t explicitly measure that. Our probiotic lambs didn’t grow any larger, but they did cost less to produce because they were not interested in eating as much of the costly milk replacer and starter grain but they could not get enough of the timothy hay.

But I’m actually not interested in the ways that this project did work.  I think the more interesting story is why it didn’t work.  For one, we didn’t measurably change the gut microbial community or increase the presence of our probiotic species in the rumen.
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As this and many studies have discovered, giving a probiotic isn’t a panacea and many times it seems to have no effect at all.  This ranges really widely depending on the species of both probiotic and host, as well as what the end goal is.

Largely, that has to do with the discrepancy between lab and field.  What works in the lab doesn’t always work in real life, and there are a number of ways that you can define a successful probiotic which require more holistic experimental designs.  And for that, having that spatial and temporal context to your dynamic host ecosystem is key to understanding how your microbial intervention is going to react.
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One very important lesson from that and other studies is that many gut microbes have a preferred host and do not transplant well.  There might be differences in host diet and niche availability, but also host differences in body temperature, pH, saliva content, and transit time which make the new host inhospitable.  Or, perhaps they were dependent on other microbial community members in their previous host.

The other lesson that this field is learning is that host microbes can become lab associated over time.  They grow accustomed to laboratory conditions, they may change phenotype or even genotype, and they may become less adept at being able to colonize a host over time. 
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“For nothing was simply one thing.”

― Virginia Woolf, To the Lighthouse

Microbial interactions in the lab Microbial interactions in the gut
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Another reason we need more dynamic methodology when stepping from basic research back to application is that what works in a simplified system can become impossible to track in a chaotic system like in the gut.  Microbial phenotypes and even genotypes can be very plastic depending on the environment, and if we want to understand these microbes it helps to have the context of the environment that they thrive in.

https://www.goodreads.com/work/quotes/1323448
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.flickr.com%2Fphotos%2Fbyte-san%2F3413447479%2F&psig=AOvVaw1HAvOMnVLJWSgEWIfdT2Dr&ust=1604716590619000&source=images&cd=vfe&ved=0CA0QjhxqFwoTCJiR6rvx7OwCFQAAAAAdAAAAABAQ
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 Recovering microbial communities in hosts

 Lifestyle, diet, built environment affect gut diversity

 Domestic livestock aren’t wild-type anymore

 Create dynamic laboratory methods to study this system more accurately
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My research interests at UMaine are to understand how we can recover a functional microbial community after it has been lost.  And in doing so, I want to investigate the role of all the factors around animals that affect their microbial diversity.  For that, being able to compare wild and domestic animals can be useful, we can compare wild to domesticated microbiomes. 

And to do all this, I am working on developing more dynamic laboratory methods to study this system more accurately. 
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The last thing I want to talk about today is building community, because we can’t be successful humans or researchers all on our own.  
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Teamwork makes 
the dreamwork
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First, that community-building begins in my lab group.  This isn’t all of us and I don’t have a picture of the entire lab group because there are too many of us to safely gather for a photo without a wide-angle lens. 

But we work collaboratively on projects, encourage data sharing, and practice inclusive behaviors to improve our ability to work together.
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I am also building my research community on and off campus, by strengthening previous collaborations and adding new ones. I have a number of affiliations on campus, although I have yet to get to know almost any of them well because we’re no longer meeting at events we attend solely for the free food.

I am also leading or part of several working groups or advocacy groups on and off campus, which all have the goal of making us better scientists by removing bias and becoming better humans.  The one I want to draw attention to is the Microbes and Social Equity working group. 



 Social equity is 
about fair access

https://en.wikipedia.org/, 
https://www.peakpx.com/, 
https://www.wallpaperflare.com/

Access to resources gives us 
- Access to beneficial 

microbial interactions
- Reduction in stress
- Improvement in health
- Promotes beneficial 

host-microbial 
interactions
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Social equity is defined as fair access to resources. When I talk about access to public resources, there are many examples to choose from, but typically the focus is on food and nutrition, shelter and safe housing, and healthcare, which is particularly relevant these past few months.

Not only do these resources directly promote host health, but they indirectly promote health by promoting beneficial host-microbial interactions in well-documented ways. The Microbes and Social Equity working group is developing and promoting science which can be used for evidence-based policy to promote host-microbial interactions.


https://www.wallpaperflare.com/
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https://www.wallpaperflare.com/
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If that has piqued your interest, you can check out the publication that started that conversation which I will be continuing in my research and other activities here on campus.
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